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I. HISTORY^ 

The idea of the production of a hormone-inhibitory substance which circulates in 
the blood stream and is able to neutralize the effects of a hormone was probably 
first expressed by Mfibius (1906). He found that the blood of thjnroidectomized 
sheep neutralizes the action of thyroid hormone. Preparations of the blood of 
such thyroidectomized animals have been made available by the Merck factory 
imder the name of “Antithyreoidin M6bius*’. Several authors claimed to have 
obtained good results with this preparation in cases of Graves’s disease, but since 
Sonne (1914) was unable to obtain any effect in animal experiments and found 
normal blood to be just as effective in patients as the blood of thyroidectomized 
animals, he claimed the results to be merely psychic. Pychlau (1913) states that the 
milk of a thyroidectomized woman exerted a curative effect in such a case. 

The first author who tried to obtain a hormone-neutralizing substance using 
an endocrine preparation as an “antigen” was probably Blum. Later he repeated 
Mobius’s experiments and confirmed the findings on thyroidectomized animals, 
but at the same time he noted that thyroid hormone-inhibitory substances are also 
present in the blood of normal sheep. The name “catechin” was given to these 
inhibitory substances (Blum, 1933). Schafer (1924) termed inhibitory hormones 
"chalones”. Blum’s experiments were later extended by Legiardi-Laura (1919, 
1923, 1934) and Legiardi-Laura & Brim (1929), who treated horses with posterior 
pituitary preparations and claimed that the serum of such animals cures the 
glucosuria in many cases of diabetes. This serum has also been stated to be effective 
in the treatment of hypertension (Legiardi-Laura & Brim, 1929). The experiments 
of these authom and of Blum are difficult to evaluate, since little is said in their 
original publications about the nature of the antigen used, the doses given, or other 
details concerning the treatment of the donor animal. The experiments of Koyano 
(1923) are open to the same criticism. He injected beef pituitary emulsions intra- 
peritoneally into male rabbits, and stated that the serum of such animals produces 
marked histological changes in the hypophysis of rats. He called his preparation 
“a specific immime serum”. 

In 1924 Cotte published a series of experiments in which extracts of fowl 
ovaries were chronically injected into male rabbits. Thus a “sdrum anli-ovaire” 
was obtained. This serum changed the colour of the plumage in hen-feathered 
cocks. The experiment was interpreted as a further proof of Morgan’s theory 
concerning the “corpus luteum cell nature” of certain cells in the testes of the 
hen-feathered cock. 

In the same year de Jongh observed that certain insulin preparations are less 
active in larger doses than in small ones, while very large amounts of the same 
preparation again show an increase in potency. Mathematical considerations led 
the author to interpret this double-peaked curve as the result of an insulin- 
inhibitor}' substance superimposed on the usual insnlin effect. The name “anti- 
insulin was coined for this substance. Further purification removed tbia “anti- 
1 Antihonnoiwa have already been reviewed by Collip (1934, 1936) and Guytoot et al. (1937). 
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insulin” from the original preparation. Similar experiments led Nobel & Priesel 
(1925) to the assumption that anti-insulin is present in crude pancreatic extracts. 
Meyer-Bisch et al. (1928) observed that pancreatic secretion increases the blood 
sugar of experimental animals and concluded that anti-insulin is excreted into the 
duodenum. The primary hyperglycaemia observed after the administration of crude 
insulin preparations has also been attributed to the presence of anti-insulin 
(Wichels & Lauber, 1932). Sahyun & Blatherwick (1928) observed that rabbits on 
a high carbohydrate diet, injected chronically with insulin, became “immune” to 
this hormone, so that even 70-100 units did not elicit convulsions. The blood-sugar 
response in such “immunized” animak was also much lower than in the non- 
pretreated controls. 

The name “antihormone” was also used by Wiese (1928). This author found 
that testicular extract coagulates the follicular fluid of nymphomanic cows, but 
has no effect on the follicular fluid of normal animals. This phenomenon was 
attributed to the formation of “antihormones” in the nymphomanic cow. The 
administration of testis extracts was found to be effective in increasing ovarian 
activity in cattle, and the author believed this to be due to the production of 
“antihormones”. 

The earlier experiments of Blum on “catechin” aroused particular interest 
because of the good clinical results which many authors claimed to have obtained 
with these preparations. Numerous publications have appeared more recently on 
similar antithyroid hormone preparations. Thus Herzfeld & Frieder (1933) have 
prepared a catechin from blood, and this preparation is now on the market under 
the name of “tyronorman”. It is said to alleviate the symptoms of Gravesk 
disease. It is interesting to note in this connexion that Branovacky (1926) showed 
that the blood of patients suffering from Graves’s disease increased the oxygen 
sensitivity of rats in the well-known Asher experiment, and that this effect was 
neutralized by the administration of blood serum from myxoedema patients. 
Asimoff (1926a, h) reported that the serum of thyroidectomized sheep inhibits the 
metamorphosis effect of thyroid hormone in the axolotl and Giirber & Geszner 
(1928) found that this metamorphosis-antagonizing principle is in the euglobulin 
fraction. Since, however, Lewit et al. (1930) obtained similar effects with normal 
blood, they doubt the specific nature of such catechins. Recently, Saegesser (1933) 
observed diat the serum of myxoedema patients neutralizes thyroxin in Reid-Hunt’s 
acetonitril test — a finding which reminds one of Branovacky’s experiments con- 
cerning the decrease in oxygen sensitivity which we discussed above. Saegesser 
stated that his antithyroid substance was lipid-soluble. Since he found that 
cholesterol exerts a similar effect, he considered it possible, however, that this action 
was a simple chemical antagonism. 

Rzentkowski (1912) claimed to have obtained complement deviation with the 
serum of hyperthyroid patients using thyroid extract as an antigen. This report on 
the historical development of our ideas on the production of hormone-antagonizing 
substances would not be complete without mentioning that thyroglobulin- 
antagonizing substances were obtained by the administration of thyroglobulin by 
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numerous workers (Hektoen et al. 1923, 1927 > Hicks, 1926; Schulhof, I 93 ®)» 
that specific antiferments have been produced and demonstrated in the blood of 
experimental animals chronically treated with extracts of endocrine glands by 
Abderhalden (1918) who termed such ferments “ Abwehrfermente”. 

The “cytoly sines”, which are immune substances formed against the protein 
of injected cells, have nothing to do with antihormones . It is not justified, therefore, 
for Del Solar (1938) to speak of “antihormones” if a testis cytolysive is formed 
under the influence of continued testis extract treatment. 

Reiss et al. (1931 6, c) foimd that the gonadotrophic effect of pregnancy urine 

preparation may be inhibited by alkaline aqueous beef pituitary extracts, both in 
the immature male and female rat. Since their extract proved to be free of growth 
hormone, they inferred that the hypophysis contained a principle capable of 
antagonizing the gonadotrophic hormone, and that this principle was not identical 
with the growth hormone. These findings have been confirmed and extended by 
Evans et al. (1936), who termed the principle in question the pituitary 
“antagonist”. 

It became known, furthermore, that upon continued administration the action 
of certain hormones decreases considerably. Thus, for instance, the effect of the 
thyrotrophic hormone on the guinea-pig thyroid vanishes after a certain time, even 
though daily injections of an initially stimulating dose are continued (Aron, 1930; 
Loeb & Friedman, 1931), and the same is true of the gonadotrophic action of 
pregnancj’ urine preparations in the mouse (Zondek, 1931) and rat (CoUip, 1932; 
IMcPhail, 1933). 

The fact that this phenomenon is actually due to a specific immunity to the 
gonadotrophic principle and not simply to an exhaustion of the ovary was then 
demonstrated by Selye et al. (1934J), who showed that rats rendered insensitive 
with a pregnancy urine preparation by continuous pretreatment still reacted with 
intense ovarian enlargement when treated with a pig pituitary gonadotrophic 
extract. Later, these same investigators (1934c) showed that rats may also become 
insensitive to daily rat pituitary implants, and that the ovaries of such animals 
maintain their sensitivity to the gonadotrophic action of human pregnancy urine 
extracts. 

The first demonstration of the appearance of hormone antagonists in the blood 
as a result of pretreatment with a hormone preparation was published by CoUip 
& Anderson (1934) Anderson & CoUip (1934) for the thyrotrophic, and by 
Selye et al. (1934) ^or the gonadotrophic hormone. It was mainly on the basis of 
these observations that CoUip (1934) formulated his antihormone theory, according 
to which the action of certain hormones is antagonized by others, the specific 
ph3r8iological function of which is to neutralize the action of hormones. Concerning 
their nature he stated that “there is evidence that they are not comparable to anti- 
bodies in the sense usual in immunology” (CoUip, 1935 fi). 
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II. THE ANTIGONADOTROPHIC HORMONE 
(i) Chemistry 

According to Harington & Rowlands (1937), the antigonadotrophic activity of 
the antiserum to the gonadotrophic serum of human pregnancy urine prepared in 
the goat can be quantitatively recovered from the globulin fraction. There is an 
equal distribution between the pseudo- and euglobulin fractions. It might prove of 
interest for the purification of antihormone preparations that precipitation of the 
antibovine protein by adding bovine serum to an antiserum against a bovine 
pituitary gonadotrophic extract does not alter its antihormone titre so that at least 
part of the unwanted protein may be removed from these sera without loss of 
potency (Gegerson et al. 1936). 

The precipitate of the antiserum obtained by pouring it into three times its 
volume of acetone is repeatedly washed by acetone and then readily preservable 
in vacuo for at least 6 months without noteworthy loss of antigonadotrophic effect. 
By this method, i c.c. of serum yields about 50-70 mg. of a readily water-soluble 
powder (Zondek & Sulman, 1937^). 

(a) Bio-assay 

In the mouse Twombly & Ferguson (1934) and Twombly (1936) assayed the 
antigonadotrophic hormone by injecting o*i c.c. of the antiserum together with a 
known amount of gonadotrophic hormone (usually i mouse unit) for each of 
five injections over a period of 30 hr. The animals were kUled, 100 hr. after the 
first injection, and the presence of corpora lutea and the ovarian weight recorded. 
Laroche & Simonnet (1936) availed themselves of a similar method using the male 
mouse as a test object. 

In the rabbit, according to Bachman et al. (1934), the assay is performed on 
adolescent virgin does of over 1800 g. body weight They are given a known 
amount of the gonadotrophic hormone four times intravenously at intervals of 
12 hr., each such dose being preceded 2 hr. earlier by the injection of i c.c. of the 
antiserum. The animals are Hlled 24 hr. after the last injection and their ovaries 
examined for corpora haemorrhagica and apical corpora lutea. A similar method 
is also used by Moricard (1936). 

In the rat the typical assay, according to Selye et al. (1934) and Bachman et al. 
(1934), is performed by pretreating 21-day-old females on 6 consecutive days with 
subcutaneous or intraperitoneal injections of 1 c.c. of antiserum daily. During the 
last 3 days, varying doses of gonadotrophic hormone are also given, while control 
animals receive only gonadotrophic preparations during the last 3 days. The potency 
of the antigonadotrophic serum is then determined by the number of rat units of 
gonadotrophic hormone which a given amount of serum is able to inactivate. 
Engel (1935 d, e) used a similar method, escept that he injected the immature test 
rats with 10 units of gonadotrophic hormone (divided into 6 subcutaneous doses) 
within 48 hr., together with the antihoimone preparation. One hundred hours 
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later the animals were killed and their ovaries, uteri and vaginal smears were 
compared with those of controls not receiving antiserum. Brandt & Goldhammer 
(1936a) use 25-35 g. rats receiving 20 rat units of the gonadotrophic hormone 
divided into three injections within 24 hr. in combination with 0*5 c.c. of the 
antiserum. Autopsy follows after 100 hr., and the potency of the serum is deter- 
mined by comparing the sex organs of these animals with those of controls not 
receiving antihormone but only the same amount of the gonadotrophic preparation. 
A very similar test has also been used by Zondek & Sulman (1937A), who define 
the antigonadotrophic unit as the smallest amount of the antiserum which is able 
to prevent the ovarian effect of i rat unit of the gonadotrophic hormone. 


(3) Theories 

(a) Specificity of the antigonadotrophic hormone. 

In the cases of antigonadotrophic hormones, just as in that of all other anti- 
hormones, one of the most debated problems is the specificity of its action. Here, 
again, we have to differentiate between (1) species specificity, that is to say, the 
question whether an antiserum obtained with a gonadotrophic hormone of a certain 
animal species can immunize against a gonadotrophic hormone of another species; 
(2) organ specificity (sometimes also referred to as “source specificity”), that is, 
whether a gonadotrophic hormone prepared from a certain organ, let us say, the 
hypophysis, can immimize against a similar preparation obtained from another 
organ of the same species, for instance, the placenta; (3) extract specificity, that is, 
whether an antiserum against an extract prepared by a certain method would 
necessarily immunize against gonadotrophic preparations made from this same 
source by different methods; (4) hormone specificity, that is, the question whether 
an antigonadotrophic serum obtained with the follicle-stimulating hormone could 
render animals resistant to the luteinizing hormone and vice versa. 

Much work has been done in order to clarify these questions because they are 
of grea.t importance for the elucidation of the most fundamental problem in 
connexion with the antihormones, that is, the question of their physiological 
si^ificance. It should be emphasized, however, that in practice it is not very easy 
to keep these four questions regarding specificity strictly apart, because the relative 
proportion between the follicle-stimulating and the luteinizing ability of the 
ypophysis differs in vanous species, so that an apparent species specificity may 
be due to the fact that the animal became adapted to a different mixture of the two 
gonadotrophic prindples. This same possibility must be considered in the case of 
experiments conducted to answer the question of organ or even extract specificity. 

Spcies speafidiy. The first experiments concerning the question of species 
specdcity w^e those of Selye et al. (19346, c), who showed that rats rendered 
resistot against the gonadotrophic action of rat pituitary implants were still re- 
sponsive to pregnancy urine extracts and vice versa. Later, Fluhmann (10256) 

^ serum, which f^ed to 

inhibit sheep pituitary extract, but since it also failed to inhibit human pituitary 
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extracts, his experiment shows organ specificity and consequently gives no clue 
concerning the question of species specificity. Gustus et al. (1935) prepared an 
antiserum against a gonadotrophic extract of pregnant mare serum in the monkey. 
They found that the serum inhibited the action of the extract with which it was 
prepared, but had no noteworthy neutralizing effect on human pregnancy serum 
or preparations of sheep or human hypophyses. Brandt & Goldhammer (19360) 
claimed that an antiserum against the gonadotrophic principle of pregnancy urine 
inhibits the gonadotrophic action of human placenta, pituitary, and pregnancy 
serum extracts, but does not antagonize gonadotrophic preparations made from 
pregnant mare semm. Gegerson et al. (1936) claimed that an antiserum obtained 
by treatment with human pregnancy urine antagonizes the gonadotrophic effect 
both of this same preparation and of cattle pituitary extracts, but an antiserum 
produced by injecting the latter did not inhibit the action of the pregnancy xirine 
extract. Since, on the other hand, both these antisera inhibited the gonadotrophic 
effect of pregnant mare semm, one can hardly regard these experiments in favour 
of species specificity. 

Kabak (1936) found that in rats rendered insensitive to pregnancy urine extract 
a positive gonadotrophic effect was still attainable by implanting rat or rabbit 
pituitaries or injecting sheep pituitary extracts or pregnant mare semm. Since, on 
the other hand, these animals failed to respond to human pituitary extracts, the 
author concluded that the immunity obtained is species-specific but not organ- 
specific. 

Thompson & Cushing (1937) found that an antisemm prepared by injecting a 
dog with pregnant mare semm inhibited the gonadotrophic activity of sheep or pig 
pituitary extract, but had only a slight neutralizing effect on the action of human 
pregnancy urine extracts. The serum of dogs immunized with sheep pituitary, on 
the other hand, was quite active in antagonizing the action of pig pituitary, human 
pregnancy urine, human menopause serum and pregnant mare semm. They 
concluded that there is no strict species specificity. CoUip (1937) showed that an 
antisemm obtained from sheep chronically treated with a sheep pituitary extract 
inhibited the gonadotrophic effect both of this same extract and of pregnant mare 
semm, although it had no effect on the action of a pregnancy urine preparation. 
Zondek & Sulman (1937a, b) and Sulman (1937) prepared immune sera against 
human pregnancy urine and pregnant mare serum and studied their ability to 
antagonize the effect of these same preparations, cattle pituitary, human pregnancy 
blood and human pituitary gonadotrophic preparations. They concluded that there 
is some organ specificity and a high degree of species specificity. They emphasize, 
however, that a trace of inhibition is observed with any antigonadotrophic serum 
against every other gonadotrophic extract which they tested. Farkes & Rowlands 
(1936) found that an antigonadotrophic semm prepared by prolonged injection of 
rabbits with an ox pituitary extract inhibited the ovulation otherwise produced by 
the antigenic extract itself or a similar extract of horse pituitary or a saline suspension 
of fresh cow and sheep hypophyses. This serum, given intravenously to rabbits 
immediately after mating, inhibited the ovulation which would normally occur 
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within 10-12 hr. The latter effect has been regarded as a passive immunization 
against the gonadotrophic hormone secreted by the rabbit’s own pituitary. The 
authors concluded that: ** There is thus no suggestion of species specificity in the 
anti-ovulation action of this serum.” Later, however, Parkes & Rowlands (1937) 
found that treatment with rabbit sera known to be capable of neutralizing thyro- 
trophic and gonadotrophic ox pituitary extracts, and gonadotrophic preparations 
of horse pituitary, pregnant mare serum and human pregnancy urine did not cause 
any plumage or comb changes suggestive of hypophyseal insufficiency in the fowl. 
They concluded: “that antisera to mammalian thyrotrophic or gonadotrophic 
substances are ineffective against avian pituitary substances and that there is a class 
specificity, if not a species specificity, in the immunological (haptene) character of 
the pituitary hormones”. Recently Rowlands (1937, 19386) made an extensive 
study of tMs question by preparing antisera against human pregnancy urine 
extract, horse pituitary, ox pituitary and pregnant mare urine extract, and testing 
their neutralizing effect against all of these gonadotrophic preparations. He con- 
cluded that: “Complete * species-specificity’ is shown by the reaction of the 
antisera to gonadotrophic extracts of human urine of pregnancy and pregnant 
mare serum, whereas antisera to similar extracts of pituitary origin exhibit only 
incomplete ‘species-specificity*. Complete ‘source-specificity*, on the other hand, 
is only found in the reactions of the antiserum to gonadotrophic extracts of pregnant 
mare serum.” 

Organ specificity. Fluhmann (1935 a) produced an antiserum to human pituitary 
extracts in the rat and found it to neutralize not only the effect of this same extract 
but also that of a gonadotrophic preparation made from human pregnancy serum. 
In a second paper, however, Fluhmann (19356) reported the preparation of an 
antiserum to a human pregnancy blood extract which failed to inhibit the gonado- 
trophic effect of a human pituitary extract. Twombly (1936) obtained an antiserum 
against an extract prepared from the urine of a patient suffering from teratoma 
testis which inhibited the effect of pregnancy urine extracts, but this is not, strictly' 
speaking, evidence for or against the organ specificity of these antisera. Brandt 
& Goldhammer (1936a) noted that antisera against human pregnancy urine 
antagonized the gonadotrophic effect of extracts from other tissues of the human 
body, such as the h3rpoph3rsi8, the placenta, or pregnancy serum. Kabak (1936) was 
unable to elicit any gonadotrophic action by means of human pituitary extracts in 
rats rendered insensitii^e to human pregnancy urine preparations, while the same 
rats remained sensitive to extracts of rat, rabbit, sheep or horse pituitaries. De 
Fremery & Scheygrond (19376) also noted that antisera obtained by treatment 
with pregnancy urine extracts antagonize the action of h uman pituitary preparations ; 
yet Zondek & Sulman (1937a) found that an antiserum obtained by treatment with 
human pregnancy urine neutralized this same extract more actively than it did pre- 
I^tions of human pregnancy blood or human pituitary gonadotrophic prepara- 
tions. This organ specificity, however, was not absolute, for there was some 
inhibition even in experiments in which the antisera were tested against extracts 
prepared from sources other than the antigenic preparation. Rowlands (19386) 
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found that an antiserum obtained in rabbits by treatment with a pregnant mares’ 
serum preparation was the only one among the antisera he tested which was 
completely organ-specific, in that it neutralized the gonadotrophic hormone from 
mares’ serum but had no effect on that from the horse’s pituitary body. 

Extract specificity. Clear-cut examples of extract specificity are as yet missing 
in the case of gonadotrophic antisera. 

Hormone specificity. The fact that antigonadotrophic serum is specific in the 
sense that it does not inhibit the action of other hormones has already been 
emphasized by Collip (1934), but evidence for or against strict specificity between 
sera obtained against the follicle-stimulating and the luteinizing factor respectively 
is still lacking. Selye et al (1934^, c) interpreted their finding that resistance 
against pregnancy urine extracts does not immunize the rat against rat pituitary 
implants and vice versa as showing that the gonadotrophic principle of the urine 
differs from that of the hypophysis. According to Guydnot et al. (1937), guinea-pigs 
form antihormones against the luteinizing principle of cattle hypophyses more 
readily than against the follicle-stimulating factor. Many of the findings quoted in 
the section on species and organ specificity may also be regarded as giving indirect 
evidence for or against the hormone-spedfic nature of these extracts, since it is 
known that some of the preparations there mentioned have a higher foUide- 
stimul^ting potency while others contain more of the luteinizing principle. This 
evidence is, however, necessarily incondusive, as it is impossible to dedde, m case 
the extracts are made from different sources, whether any specificity observed should 
be regarded as organ specificity, species specificity or hormone spedfidty. The only 
manner in which this question might be attacked would be to test antisera gainst 
a follicle-stimulating extract prepared from a certain source for their ability to 
antagonize the action of luteinizing preparations of the same source and vice versa. 
Even in this case, however, the question of extract specificity might arise. 


(6) Nature of the antigonadotrophic hormones. 

The most discussed questions concerning the nature of this and other anti- 
hormones are: (i) the relationship of antihormones to true serological antibodies or 
haptenes] (2) the possible interpretation of antihormones as specific protective 
ferments y the function of which is to destroy the hormone; (3) the question whether 
these antihormones represent physiological body constituents or whether they are 
only found under abnormal concfitions, such as exist when an organism is treated 
with injections of a hormone extract. 

The antibody theory, (i) Arguments against. Collip (1934, 1935 «) considers it 
very unlikdy that antihormones should simply represent serological antibodies 
against hormones of protein nature because rats have been made resistant to the 
maturity hormone of rat pituitary by continued implantation of rat hypophyses 
(Sdye et al. 1934c) and an antiserum against sheep pituitary gonadotrophic hormone 
has been obtained in sheep treated with a sheep hypophysis extract (Collip, 1937). 
It had been shown, furthermore, that the serum of certain human beings 
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contains a principle which inhibited the action of gonadotrophic preparations, 
although these patients were not pretreated with such hormone extracts (Collip, 

1935^)- 

Bachman (1935) showed that there is no strict parallelism between the anti- 
hormone content of the serum of rabbits pretreated with pregnancy urine extracts 
and its content in true antibodies directed against the antigenic extract. This lack 
of parallelism has also been emphasized by Gustus et al. (i 93 S)» Eichbaum & 
Kindermann (1935), Kindermann & Eichbaum (1936), Brandt & Goldhammer 
(1936a), Demanche et al. (1937), and Sulman (1937), who, like Bachman, claimed 
that the antibodies produced by pregnancy urine extracts are not directed against 
the hormone itself, but ag ains t some non-specific “urine antigen”. Gegerson et al. 
(1936) removed the antibovine protein present in their pituitary antiserum by 
treatment with normal bovine serum and showed that this does not remove the 
antihormone activity from the serum. They concluded that the antihormone effect 
“is not due to an antihuman protein phenomenon per se but to the presence of 
another antagonistic but specific substance”. One of the strongest arguments 
against the interpretation of antihormones as antibodies is the demonstration by 
Parkes & Rowlands (1936) that an antigonadotrophic serum obtained by treatment 
of rabbits with an ox pituitary gonadotrophic extract may prevent ovulation after 
mating when injected into another rabbit, a fact which has been considered to result 
from the inhibition of the ovary-stimulating effect of the natural gonadotrophic 
hormone released from the rabbit’s pituitary. More recently Kupperman et dl. 
(1939) showed that an antiserum obtained from rabbits chronically treated with 
sheep pituitary extract inhibits the excessive luteinization of the ovary normally 
resulting from the endogenous gonadotrophic secretion of the castrate partner’s 
pituitary in female-female or female-male parabiotic rats. The substance is eflFective 
when injected either into the normal or the gonadectomized partner. All the 
reports mentioned in previous sections in which an antigonadotrophic serum 
produced by a gonadotrophic extract of a certain species proved antagonistic to a 
similar extract prepared from tissues of another species might also be regarded as 
speaking against the true antibody nature of these antihormones. 

(2) Arguments in favour. Contrary to the above mentioned investigators, 
Du Shane et al (1935) and Martins (1935) showed that if a castrate female rat was 
parabiotically umted with a normal or hypophysectomized female partner, the sex 
organs of the latter, and especially its ovaries, enlarged considerably under the 
influence of the excess gonadotrophic hormones secreted by the pituitary of the 
spayed parabiotic twin. This enlargement persisted for many months and no loss 
of sensitivity was demonstrable. The authors concluded that physiologically 
ad minis tered gonadotrophic hormones do not produce antihormones and regard 
the latter as serological antibodies formed against the partially denatured protein 
of the hormone extracts. Katzman et al. (1937) implanted rats with rat pituitaries 
daily over a period of up to 9 months, or injected them with alkaline extracts of 
rat pituitaries, without observing any signs of refractoriness. They also concluded 
that the antigonadotrophic hormone is an antibody which cannot be produced by 
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treatment with a homozoic extract. Similar findings have been reported by 
Artemov (1937)- 

Ehrlich (i 934 j 1935) showed that continued treatment with gonadotrophic 
extracts resulted in the formation of specific antibodies and the audior expressed 
the opinion that the antihormones are identical with the complement-fixing anti- 
bodies which he obtained. Similarly, Twombly (1936) states that the antihormone 
content of the serum of rabbits treated with a gonadotrophic preparation of 
pregnancy urine runs closely parallel with its content in precipitins against the 
antigenic extract. Since hormone preparations partially inactivated by heat or 
completely inactivated by ageing have approximately the same ability to form 
protective antisera as active preparations of the hormone, Twombly is inclined to 
agree with the antibody theory. The fact that even very prolonged treatment with 
pregnancy urine extracts fails to produce antihormones in the human being and 
the observation that non-protein hormones (e.g. oestrin) do not form antihormones 
under any condition confirmed this author in his opinion. Fremery & Scheygrond 
(1937a) obtained similar results, inasmuch as they prepared a potent antigonado- 
trophic serum by injecting rabbits with a male urine extract which was almost 
completely devoid of gonadotrophic activity. They concluded that the urine 
contained substances having the same antigenic potency though not the same 
gonadotrophic effect as the principles present in pregnancy urine. Zondek et al. 
(1938), on the other hand, found t^t although urinary gonadotrophic preparations 
inactivated by boiling retain their antihormone-forming ability, this is merely due 
to traces of the hormone still present in these preparations. “After complete 
inactivation through heat, prolan is neither able to produce antiprolan in vivo nor 
‘paralyse’ it in vitro^ 

The haptene theory. Sulman (1937) examined the question of whether or not the 
gonadotrophic hormone could act as a haptene. Haptenes are fully effective in vitro, 
but in vivo their immunizing ability is restricted since they can only develop 
antigenic properties in close connexion with a carrier substance. In this manner, 
the haptene, ^ough native to the body, can act as if it were a foreign substance and 
can incite the production of antibodies. Sulman (1937) used pregnancy urine, in 
combination with pig serum as a carrier, and found that the hormone cannot act 
either as an antigen or as a haptene. Parkes & Rowlands (1937), however, favour 
the haptene theory as it may explain why the serum of rabbits immunized with 
ox pituitary extracts prevents post-coital ovulation in other rabbits. 

The protective ferment theory. Sulman (1937) and Zondek & Sulman (1937a) 
came to the conclusion that since the gonadotrophic hormone does not act as an 
antigen or a haptene, it must necessarily be a protective ferment or “Abwehr- 
ferment” in the sense in which Abderhalden uses this term, but their conclusion 
is based on indirect inference only. 

The antihormone theory. ColHp (1934) put forward the theory that the anti- 
hormones represent physiological body constituents present, though in small 
quantities, in the normal blood and are necessary for the accurate regulation of 
hormone mechanisms in the normal organism. They help to regulate the action of 
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hormones and to counteract excessive stimulation due to a sudden discharge of 
large doses of a certain hormone into the blood stream. The main support of this 
theory was the observation that even the blood of non-pretreated human beings 
may contain antihormones. 

The site of antihormone formation. It has been shown by numerous investigators 
that removal of the effector organ — ^in the case of the gonadotrophic hormone 
removal of the ovary or testis — does not significantly alter the ability of the organism 
to form antihormones (Bachman et al. 1934; Brandt & Goldhammer, 1936a; 
Sulman, 1937). Furthermore, even gonadotrophic preparations which have been 
inactivated by oxidation or ultraviolet light retain, as far as their action on the gonad 
is concerned, the ability of antihormone formation (Brandt & Goldhammer, 1938). 
It has been claimed, however, that splenectomy, especially when combined with 
blockade of the reticulo-endothelial tissue, inhibits antihormone formation (Gordon 
et al. 1937). (For a more detailed discussion of the evidence concerning this point, 
see section on “Stimuli influencing the antigonadotrophic hormone content of 
the blood”.) 


(4) Effect of antigonadotrophic hormone on various organs 

The hypophysis. It has been shown that chronic treatment with hypoph3rseal 
extracts causes the appearance of typical “signet-ring” castration cells in the 
pituitary of the rat, but only at a time when the ovaries have become entirely 
insensitive to the gonadotrophic extract and the ovarian atrophy has progressed 
so far that the theca cells are transformed into “wheel cells” (Collip et al. 

1938). 

The gonads. Although there is no indication of any direct effect of the anti- 
gonadotrophic hormones on the gonads, the early experiments of Selye et al. 
(1934^1 of Selye, Bachman, et al. (1934) have already shown that when the 
antigonadotrophic hormone titre of the blood reached a high level as a result of 
continued gonadotrophic hormone treatment, the gonads of the donor animals 
showed considerable atrophy. In certain cases, this atrophy progressed so far that 
wheel ceUs appeared in the theca (CoUipefal. 1938), a finding which is characteristic 
of the complete absence of hypophyseal gonadotrophic stimuli as shown by Selye et al. 
(^ 933 > ^ 934 ^)* This is most probably due either to an inactivation of the gonado- 
trophic hormone secreted by the animal’s own pituitary or to a complete inhibition 
of gonadotropic hormone production. The same possibiUties of interpretation 
should be considered in connexion with the demonstration by Parkes & Rowlands 
(1936) of the iiAibition of ovulation foUomng mating in rabbits treated with 
antigonadotrophic sera, and in connexion with the observation that these sera 
suppress spontaneous ovdation in the pubertal female and cause rapid atrophy of 
the reproductive organs in the male rat (Rowlands, 1937). 

. pregnant uterus. According to Rowlands (1937) antigonadotrophic serumr 
mhibite implantation of the blastocyst in the rabbit, or if administered later during 
gestation causes resorption of the foetuses. In the rat or mouse he observed no 
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such results. On the other hand, Bachman et al. (1934) found that rats rendered 
insensitive to the gonadotrophic hormone of pregnancy urine may still conceive, 
but in most cases pregnancy ended with death and resorption of the foetuses. 


(5) The anUgonadotrophic hormone content of the blood in normal animals 

In the rabbit Chen (1937) found that even the serum of no rmal non-pretreated 
animals may prove to be rich in antigonadotrophic hormone when tested on the 
immature female rat. In man numerous investigators were able to demonstrate the 
presence of antigonadotrophic hormones in the blood, both in the normal individual 
and in patients suffering from various diseases, but it has not as yet been possible 
to establish any clear correlation between the clinical condition and the antihormone 
content of the serum (Collip, 1935^; Collip & Anderson, 1935; Engel, 1935a, e\ 
Laroche & Simonnet, 1936; Brandt & Goldhammer, 1936a; Twombly, 1936; 
Sulman, 1937). 

(6) Stimuli influencing the antigonadotrophic hormone content of the blood 

Gonadotrophic hormone treatjnent. One of the most active means of increasing 
the antigonadotrophic titre of the blood is continued treatment with a gonadotrophic 
preparation. 

In the bird Zavadovsky et al. (1937) noted testicular atrophy following a period 
of excessive development when young cocks received chronic treatment with a 
pregnant mare serum extract. This has been ascribed to antihormone formation. 

In the dog an antigonadotrophic serum has been obtained by Thompson & 
Cushing (1937) by treatment with sheep pituitary extract for a period of about 
4 months. Its potency was assayed in the rat. 

In the guineo’-pig Guy6not et al. (1937) found that treatment with catde pituitary 
extracts led to the formation of antigonadotrophic hormone against the luteinizing 
factor, but not against the follicle-stimulating one. Treatment with a purely follicle- 
stimulating preparation made from the urine of castrate women led to no anti- 
hormone formation. They tested their sem on the guinea-pig against a gonadotrophic 
preparation of known potency. 

In iSoe goat Rowlands (19386) obtained an antiserum against a human pregnancy 
urine preparation after 5 months of treatment. He assayed it on the oestrous rabbit. 

In the monkey Meyer & Gustus (1935) and Gustus et al. (1935) demonstrated 
the presence of an antigonadotrophic effect beginning at the 27th day of treatment 
daily with 5 rat units of a gonadotrophic preparation of pregnant mare serum. They 
assayed the serum on immature rats. It is of interest that even serum obtained from 
a monkey 67 days after the injections of the hormone had been stopped, still proved 
to contain antigonadotrophic hormone. A refractory ovarian condition has also 
been noted in monkeys treated continuously with a sheep hypophysis extract, but, 
while this persisted in juvenile animals, it proved only temporary in adults. 

In the rabbit Twombly & Ferguson (1934) obtained a potent antiserum against 
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gonadotrophic hormone, prepared from the urine of a patient suffering from 
teratoma testis, by injection with loo mouse units daily over a period of 3! months. 
A similar antiserum against a pregnancy urine extract has been obtained by the 
injection of 75 mouse units daily for one month. The antisera were tested on the 
female mouse. Bachman et ah (1934) also obtained such an antiserum against 
pregnancy urine extract, the potency of whicdi was tested on the immature rat. 
They emphasized that blood drawn 1-2 months after discontinuing treatment was 
no longer inhibitory. According to Brandt & Goldhammer (1936a) the blood of 
rabbits treated with a gonadotrophic preparation from human pregnancy urine 
begins to show antagonistic potency after about 3-4 weeks of treatment and loses 
it if treatment is discontinued for 6-8 weeks. Hamburger (1938) found that 
antigonadotrophic activity may be demonstrated beyond doubt in rabbit blood as 
soon as the 19th day of gonadotrophic hormone treatment. 

The rabbit has been found to be a very satisfactory animal for the preparation 
of antigonadotrophic sera. They have been obtained in this species against humeax 
pregnancy blood extract, tested on the rat (Fluhmann, 1935 n, b)\ human 
urine extract, tested on the rat (Engel, 1935c; Brandt & Goldhammer, 19360; 
Zondek & Sulman, 19370, i), the mouse (Kindermann & Eichbaum, 1936; 
Twombly, 1936) or the rabbit (Gegerson et al. 1936; Moricard, 1936; Rowlands, 
19386); zgamat pregnant mare serum extract, tested on the rat (Zondek & Sulman, 
19370) and the rabbit (Rowlands, 19386); against cattle pituitary extracts, tested 
on the rabbit (Gegerson et al. 1936; Parkes & Rowlands, 1936; Rowlands, 1937, 
19386); SLgaiTisthorsepituitary extract, t^ted on the rabbit (Rowlands, 19386); and, 
finally, against a relatively inactive human male urine extract, tested on the rat 
(Fremery & Scheygrond, 19370:). 

The rat was the animal in which the ^stence of an antigonadotrophic hormone 
was discovered (Selye et al. 1934). The animals used were 21-day-old female rats 
injected daily with 100 rat units of a pregnancy urine extract over a period of 
8 months. The antigonadotrophic effect of their blood was tested in the immature 
female rat. The subsequent work of Fluhmann (1935a, 6) showed that similar 
antihormones may also be produced in the rat by pretreatment with human or sheep 
pituitary extract. These authors also used the immature rat as a test object. 

In the sheep Collip (1937) was able to obtain a potent gonadotrophic antiserum 
by daily treatment with a sheep pituitary extract. The serum was tested against 
this same extract in the immature rat. 

In man Sulman (1937) could find no antigonadotrophic hormone in the blood 
after parturition, that is, at a time when prolonged exposure to gonadotrophic 
hormones has occurred, nor could he demonstrate any such antihormone in the 
blood of a male patient who had undergone treatment with 12,000 rat units of 
pregnancy urine hormone within 9 months, or in a woman treated with 4200 rat 
units within 2 months. Si m ilar findings have also been reported by Brandt & 
Goldhammer (1936a) and Spence et d. (1938). The latter found that even pig 
pituitary extracts failed to dicit antihonnone formation in man. Dorff (1938) 
found, in a group of boys who had received urinary gonadotrophin for varying 
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degrees of genital underdevelopment, and treated for varying periods of time 
(2-16 months), no antihormone to be present. 

Ovariectomy. Removal of the gonads does not prevent the formation of anti- 
gonadotrophic substances in the female rabbit (Bachman et al. 1934; Brandt & 
Goldhammer, 1936a; Sulman, 1937) and castration in the male is liewise without 
effect on the development of these antihormones (Sulman, 1937). 

Splenectomy. Removal of the spleen, especially when combined with blockage 
of the reticulo-endothelial system, inhibited the formation of antihormones against 
a gonadotrophic preparation of human pregnancy urine, or sheep pituitary, 
according to Gordon et al. (i 937 > ^ 93 ^)- They concluded that the reticulo-endothelial 
system is probably the site of antihormone formation. 

Pregnancy. According to Cole & Hart (1930) the blood of pregnant mares 
contains a principle which inhibits ovarian development when injected into 
immature rats. This inhibitory substance, which appears after the 150th day of 
gestation, is not identical with oestrin, but its nature has not yet been definitely 
established. 

(7) The antig 07 iadotrophic hormone content of tissues other than blood 

The hypophysis. Reiss et al. (1931a, A, c) showed that the gonadotrophic effect 
of pregnancy urine extracts may be inhibited by relatively purified preparations 
of the anterior lobe which had been freed of growth hormone. They were able to 
show this antigonadotrophic effect in both immature male and female rats. Evans 
et al. (1936) described a method for the further purification of this principle, which 
they call the pituitary “ antagonist”. It remains to be shown whether the principle 
in question is identical with the antigonadotrophic hormone which appears in the 
blood of animals treated with gonadotrophic preparations. 

The pineal gland. Engel (1934, 1935^, c, d, e) and Engel & Buno (1936) 
claimed that extracts of the pineal gland of various animals contain a substance 
which is an extremely active antagonist of the gonadotrophic hormone, and they 
expressed the opinion that the pineal gland may possibly be the organ which 
produced the antigonadotrophic hormone. 2 k>ndek & Sulman (1937 a) were unable, 
however, to confirm these findings. 

Urine. According to Durupt et ah (1935) antigonadotrophic hormone may 
appear in the urine and they showed in a woman suffering from dysmenorrhoea 
that relatively large amounts of such an antagonist are excreted since extracts of 
her urine were active in preventing the gonadotrophic effect of human pregnancy 
urine in the immature mouse. Brandt & Goldhammer (1936a), on the other hand, 
were never able to demonstrate antigonadotrophic hormone in the urine of their 
patients. 

III. THE PROGONADOTROPHIC HORMONE 

Although it seems rather questionable whether this subject should be discussed 
here, we shall review the literature on the so-called progonadotrophic principle 
together with the antihonnones, because of the fundamental similarities which 
appear to exist between them. 
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It was shown by CoUip (1937) that the serum of sheep injected for short periods 
with sheep pituitary extract may augment the action of the injected extract in test 
rats, and similar observations have been made by Thompson (1937), who obtained 
such augmentary sera in the horse and dog follovsring treatment with sheep pituitary 
gland. Thompson considered this effect to be the result of the formation of an antihor- 
mone to the pituitary antagonist. Rowlands (1938^, i) confirmed these experiments 
in sheep receiving sheep pituitary extracts, and in a goat treated with a pig pituitary 
extract. He is inclined to agree with Thompson’s interpretation of this observation. 
Guy6not et al. (1937) claimed that the serum of guinea-pigs chromcally injected 
with cattle pituitary extracts, though inhibitory to the luteinizing principle, caused 
follicle maturation when injected by itself. It is difficult to decide whether this 
effect was due to an augmentation of the effect of the animal’s own pituitary or 
simply to the presence of a residue of the injected follicle-stimulating principle. 
Katzman et al (1937) were apparently the first to note progonadotrophic effects. 

IV. THE ANTITHYROTROPHIC HORMONE 
(i) Chemistry 

CoUip & Anderson (1935) state that boiling at 5 for 3 min. completely 
destroys the antithyrotrophic activity of serum, and a considerable loss of activity 
occurs even if the serum is simply preserved in sterile ampules in the refrigerator 
for 2 months. They (Anderson & CoUip, 1934) claimed to have obtained antithyro- 
trophic extracts by predpitatmg the serum proteins with 50% acetone. FeUinger 
(1936) mixed blood with gypsum and then dried it so that it could easily be crushed 
to make a fine powder, which was then extracted with ether. Such an ether extract 
of 100-120 c.c. of normal blood inhibited the action of 2\ units of thyrotrophic 
hormone in the guinea-pig. It is most unlikely that this lipid extract is identical 
with the antithyrotrophic hormone which appears in the serum of thyrotrophic 
hormone-treated animals. Harington & Rowlands (1937) claimed that the anti- 
thyrotrophic hormone, which appears in the serum of rabbits chronicaUy injected 
with an ox anterior pituitary extract, is non-dialysable and almost completely 
precipitated by J-1 saturation with ammonium sulphate, but not by dilution and 
adjustment to pH 5*5. The activity, therefore, appears to be associated with the 
pseudoglobulin fraction. These authors showed also that the dried pseudoglobulin 
fraction retains its fuU activity when kept as a powder for over a year. Looser & 
Trikojus (1937) state that the antithyrotrophic principle may either be adsorbed 
to flnitnfll charcoal or to the precipitate obtained by introducing an alcoholic solution 
of benzoic add into blood serum, and that the active substance may readily be 
eluted from these adsorbates. 


(2) Bio-assay 

In the rat and guinea-pig CoUip & Anderson (1934) availed themselves of the 
inhibition of the metabolic response to thyrotrophic hormone as an indicator of the 
antithyrotrophic potency of inhibitoiy serum. 
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Loeser (1936^) and Eitel & Loeser (1934, 1935^) injected antithyrotrophic 
serum intraperitoneally over a period of 6 days and, together with the last two of 
these injections, they administered a known amount of thyrotrophic hormone. The 
prevention of histological signs of thyroid stimulation is their criterion of anti- 
thyrotrophic activity. A similar test is used by Oudet (i936<2), who draws blood 
from the thyrotrophic hormone resistant donor 4 days after the last hormone 
injection (so as to make sure that all the injected thyrotrophic hormone has dis- 
appeared) and then injects this serum into immature guinea-pigs. Two da3rs later, 
the guinea-pigs are treated with a known amount of thyrotrophic hormone 
simultaneously with non-pretreated controls. After 2 more days, all animals are 
sacrificed and their thyroids examined histologically. 

Harington & Rowlands (1937) injected the antithyrotrophic serum simul- 
taneously with the thyrotrophic preparation once daily to five immature guinea-pigs 
of 200 g. body weight during 5 days, at the end of which time the increase in 
thyroid weight was used as an indication of active stimulation. 

In the rat Collip & Anderson (1935) found that the inhibition of the metabolic 
response to thyrotrophic hormone is a good criterion of antithyrotrophic activity. 
Both normal and hypophysectomized rats may be used for such assays. 

(3) Theories 

(a) Specificity of the antithyrotrophic hormones. 

The question of species specificity has not yet been thoroughly investigated in 
the case of the antithyrotrophic hormone, though Eichbaum & Kindermaim (1936) 
found that rabbits or guinea-pigs became resistant to cattle or pig pituitary thyro- 
trophic extracts. This resistance extended only to the extract with which the animals 
were pretreated. This has been confirmed by Eichbaum et al. (1937) and Oudet 
(1937a). It has been claimed, however, that after very long periods of pre- 
treatment this apparent species specificity vanishes again (Oudet, i9372>). More 
recently it has been claimed that rabbit serum extract renders guinea-pigs resistant 
to the action of cattle pituitary thyrotrophic preparations (Oudet, 1938). There 
can be no question of organ specificity in this case since potent thyrotrophic pre- 
parations can only be obtained from hypophyseal tissue. There is, however, some 
evidence of extract specificity, for Werner (1936a, b) has shown that if two thyro- 
trophic extracts were prepared from cattle pituitary tissue, one by means of the 
sodium sulphate, the other by the flavianate method, and guinea-pigs were injected 
with the same number of thyrotrophic hormone units of each of these preparations, 
the thyroids of animals which ^d become refractory to the sodium sulphate 
preparation were still sensitive to the flavianate preparation, while the flavianate 
preparation itself had little if any immunizmg effect when given in equivalent doses. 
The question of hormone specificity is not sufficiently clarified as yet. While Anderson 
& Collip (1934) showed that antithyrotrophic sera do not influence the metabolic 
action of thyroxine, it appears that “tyronorman”, an extract of normal blood, 
inhibits the actions both of the thyroid and the thyrotrophic hormones (Romeis, 
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1923; Herzfeld & Frieder, 1933; Schoneberg, 1933; Baumann, 1934; Schneider 
&Widmann, 1935; Blum, 1932). 

(b) Nature of the antithyrotrophic hormone. 

The above-mentioned experiments of Werner (1936a, 6), who found that of two 
preparations of ox pituitary thyrotrophic hormone made by different methods, one 
may be very active in causing antihormone formation while the other has almost 
no such effect although its potency is the same, have been interpreted as a strong 
argument in favour of the conception that antihormones are antibodies formed 
against the partially denatured protein of the hormone extract. Max et al. (1935) also 
concluded that the antithyrotrophic hormone probably is an antibody, dthough 
they do not state quite clearly what experimental evidence led them to this con- 
clusion. Eichbaum & Kindermann (1936) concluded that the antithyrotrophic 
hormone is probably an antibody because it is species-specific and there is a close 
parallelism between the antibody concentration in the blood and its antihormone 
activity. The detailed serological analysis of the antibodies which appear in the 
blood of thyrotrophic treated animals showed species-specific antibodies, which 
react with the serum protein of the species with whose pituitary the animals were 
pretreated, and apparently hormone-specific antibodies which react with thyro- 
trophic preparations of various animals (Eichbaum et al. 1937). 

Contrary to these investigators, CoUip (1934) hesitates to regard the anti- 
thyrotrophic homone as a true serological antibody. Similarly, Scowen & Spence 
(^934» ^93^) claimed that it is inconceivable that an animal should form an antibody 
against its own hormone and they state that the presence of antithyrotrophic 
hormone in the blood of normal rabbits and men is a certain proof ag^ainst the 
antibody theory. The detection of antithyrotrophic hormone in the normal blood 
of various species also led Eitel & Loeser (1935 Loeser (1936a, h) to reject 

the antibody theory and to regard the antith3^otrophic hormone as a physiological 
body constituent. 

It should be mentioned in this connexion that according to Loeser (1936c) and 
Eitd & Loeser (1935^) thyroidectomy prevents antithyrotrophic hormone formation 
while thyroxine restores it again, so that these authors are inclined to regard the 
antithyrotrophic principle as identical with the thyroid hormone. Gessler (1937), 
on the oth« hand, was able to prevent both the metaboHsm-stimulating and the 
thyrotrophic effect of pituitary preparations in hypophysectomized rats by 
simultaneous treatment with oestrin. 

If the findings of Shkhvazabaia (193^) receive confirmation they might modify 
our conception of the chemcal nature of antithyrotrophic substances, since this 
author claimed that adrei^ine and numerous alkaloids (atropine, cocaine, morphia, 
nitotine, ferine, ergotamine) are capable of preventing the thyroid-stimulating effect 

ypophyseal extracts in the guinea-pig, and similar results have been obtained 
with Wbiturates by Voges (1936). While ascorbic add may neutralize the effect of 
thyroid honn^, it has no antithyrotrophic effect (Eitel, 19386) and consequently 
cannot be held respondble for the antithyrotrophic activity of the blood. 



The antihormones 


19 


(4) Effect of the antithyrotrophic hormone on tnetdboUm and on 
various organs 

Metabolism. The basal metabolism of normal rats decreases below the normal 
level under the influence of antithyrotrophic hormone injections and the metabolic 
effect of thyrotrophic hormone is inhibited (Anderson & CoUip, 1934). “Tyro- 
norman”, on the other hand, exerts no definite action on the basal metabolism of 
normal animals although it inhibits the rise otherwise obtained by thyrotrophic 
extracts (Keil, 1936; Zimmermann, 1936). 

The glycogen content of the liver is not significantly influenced by t3rrononnan 
in normal animals (Zimmermann, 1936; Loeser, 1936a), but the depletion of liver 
glycogen otherwise caused by thyrotrophic hormone is prevented (Schneider & 
Widmann, 1935). It is of interest that the liver of guinea-pigs chronically treated 
with thyrotrophic hormone regains its glycogen content — ^which vanished during 
the first few days of treatment — much sooner than the thyroid loses its responsive- 
ness, as judged by its histological appearance (Fischbach & Terbriiggen, 1938). 

Thyroid. Eitel & Loeser (1935 a) showed that antithyrotrophic sheep serum 
causes atrophy of the normal thyroid in the guinea-pig, and it is of course well 
known that the thyroid-stimulating effect of thyrotrophic extracts is inhibited by it 
(Schneider & Widmann, 1935; Loeser, 1936c; Oudet, 1936a). 

Hypophysis. The thyrotrophic hormone content of the hypophysis decreases 
under the influence of treatment with antithyrotrophic sera (Anderson & CoUip, 
1934; Eitel & Loeser, 1935a). 

(5) The antithyrotrophic hormone content of the blood in various species 

Loeser (19366) showed that the serum of normal dogs contains a certain amount 
of antithyrotrophic activity, Schneider & Widmann (1935), Loeser (19366), and 
Glaubach & Pick (1937) found a high degree of antithyrotrophic potency in 
“Tyronorman”. As far as we are aware, none of the publications reveal, however, 
the species from which the blood is obtained for the preparation of this extract. 
Eitel & Loeser (193 5 a) also showed antithyrotrophic activity in normal serum. 

The fact that normal rabbit serum (Scowen & Spence, 1936) and normal human 
serum (Herold, 1934a, 6; CoUip & Anderson, 1935; Fellinger, 1936; Eitel, 1938a; 
Scowen & Spence, 1936) may likewise contain antithyrotrophic activity has also 
been established, though Rathcke (1938) was unable to demonstrate it in the rabbit. 

(6) StirnuU influencing the antithyrotrophic hormone content of the blood 

Thyrotrophic hormone treatment. In the English sparrow even prolonged thyro- 
trophic hormone treatment wiU not lead to refractoriness or antihormone formation, 
according to MiUer (1938). 

In the dog Collip & Anderson (1935) obtained an antithyrotrophic hormone, the 
potency of which was assayed in the guinea-pig. These findings have been confirmed 
by Loeser (19366, c). 
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In the horse chronic treatment with thyrotrophic hormone has likewise been 
shown to result in the development of antithyrotrophic activity in the serum (Collip 
& Anderson, 1935 ; Anderson & Collip, 1934). 

In the guinea-pig antithyrotrophic sera have also been obtained by several 
investigators following chronic administration of the thyrotrophic hormone. In 
all these cases the serum was assayed in the guinea-pig (Collip & Anderson, 1935 » 
Eichbaum & Kindermann, 1936; Oudet, 1936^, h). 

In the rabbit the appearance of antithyrotrophic substances following treatment 
with thyrotrophic extracts of various species is also well established, the thyrotrophic 
hormone neutralizing power of the sera when transferred to guinea-pigs being the 
most commonly used test object (Collip & Anderson, 1935 > Eichbaum & Kinder- 
mann, 1936; Rowlands & Parkes, 1936; Harington & Rowlands, 1937; Eichbaum 
et al. 1937; Scowen & Spence, 1934, 1936; Oudet, 1936^,6, 19370,6; Pighini, 
1937; Chou, 1937). Rowlands & Parkes (1936) tested the antithyrotrophic activity 
at various intervals during treatment with the thyrotrophic hormone, and found 
that activity appears in the rabbit about the fourth week and reaches a maximum 
at the tenth week, when 2 c.c. of the rabbit serum inactivates an amount of thyro- 
trophic extract which would otherwise suffice to double the weight of the thyroid 
of immature guinea-pigs. According to Okkels (1937) the serum of rabbits rendered 
resistant to thyrotrophic hormone antagonizes the stimulating effect of this hormone 
on thyroids perfused by the Lindbergh pump. 

In the rat Collip & Anderson (1935) demonstrated the appearance of anti- 
thyrotrophic hormone in the blood, showing that this serum given in quantities 
of O’ 5-1 C.C. twice daily for 3 days to hypophysectomized rats prevented a rise in 
metabolic rate with amounts of thyrotrophic hormone equal to 200 times the 
minimum effective dose. The potency of this serum has also been shown using 
normal rats or guinea-pigs as test objects (Collip & Anderson, 1934). 

In the sheep Eitel & Loeser (1935U) made the interesting observation that in the 
case of continuous treatment with thyrotrophic hormone, the antithyrotrophic litre 
of the blood reached a maximum between the fourth and fifth week, after which 
a gradual decline ensued, and at the end of 9-12 weeks the antithyrotrophic effect 
of the serum vanished in spite of continued treatment. 

In man, given therapeutic injections of thyrotrophic hormone, Collip & Anderson 
(1935) were also able to demonstrate the presence of antithyrotrophic activity in 
the blood. 

Hypophysectomy. The removal of the hypophysis does not interfere with the 
development of resistance against the thyrotrophic hormone (G^ler, 1937) and 
the appearance of antithyrotrophic substances in the blood of the rat (Collip 
& Anderson, 1935) or dog (Loeser, 19366, c). 

Thymectomy increases the antithyrotropldc titre of rabbit blood, according to 
Rathcke (1938). 

Thyrddectomy. Removal of the thyroid decreases the ability to form antithyro- 
trophic hormone in the sheep, and if the thyroid is removed at a time when the 
antithyrotrophic titre of the serum has already been raised by thyrotrophic hormone 
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treatment a sudden decrease in antithyrotrophic activity results. Treatment with 
thyroxine restores the antihormone forming ability of the blood, according to Loeser 
(1936^) and Eitel & Loeser (1935a, h) who concluded that the development of 
resistance against the thyrotrophic hormone is largely dependent upon the thyroid. 
These findings might explain the observation of Aron (1930), who showed that 
thyroid hormone inhibits the thyroid-stimulating eflFect of thyrotrophic hormone 
in the guinea-pig. However, Oudet (1936&), apparently unaware of the previous 
findings of Eitel & Loeser, claimed that thyroidectomy does not significantly influence 
the formation of antithyrotrophic hormone in guinea-pigs or rabbits treated with 
the thyrotrophic principle, and this was confirmed for the rabbit by Chou (1937). 
In Graves's disease and during gestation the antithyrotrophic activity of human blood 
is subnormal (Herold, 1934). This has been confirmed for hyperthyroidism by 
Eitel (19380), while in carcinoma patients the latter investigator found unusually 
high concentrations of antithyrotrophic substance in the blood. 

(7) The antithyrotrophic hormone content of tissues other than the blood 

CoUip & Anderson (1934) showed that saline extracts of the liver and spleen 
of thyrotrophic hormone-resistant rats may also prevent the rise in metabolism 
normally caused by thyrotrophic hormone injections. 

V. THE ANTITHYROID HORMONE 
(1) Chemical nature and theories 

The consensus of opinions concerning the chemical nature of the antithyroid 
principle contained in normal blood is that the substance belongs to the Upids and 
consequently may be extracted from the blood by lipid solvents (Romeis, 1923; 
Blum, 1932; Saegesser, 1933; Schneider & Widmann, 1935). According to 
Schneider & Widmann (1935) this lipid-soluble material present in normal blood 
is identical with both the antithyroid and the antithyrotrophic hormone, since 
besides antagonizing the effects of thyroxin it also neutralizes the thyroid-stimulating 
effect of the thyrotrophic hormone. It should be emphasized, however, that the 
antithyrotrophic principle of CoUip & Anderson is protein-like in nature, inactive 
by mouth, and unable to inhibit the action of thyroxine. It should therefore not 
be identified with the lipid-soluble, oraUy active principle contained in normal 
blood. 

The active principle of Antithyroidin-M6bius, prepared from the blood of 
thyroidectomized sheep, is in the euglobulin fraction, according to Giirber & 
Geszner (1928). A method for the preparation of antithyroid principle from the 
blood of similarly treated goats has been described by Asimoff (1926a). 

According to Kraft (1936) yfkuyrtyrosine in doses of yooy (containing yoy of 
fluorine) inhibits the action of 15 y of ^yroxine in the tadpole metamorphosis test 
Since this author found about 15-iooy fluorine in 100 c.c. of normal human blood, 
he thinks that this element, possibly in the form of a compoimd such as fiuortyrosine, 
may be the physiologic^ antagonist of thyroxine which occurs in normal blood. 
He emphasizes that tyronorman and a similar blood extract caUed “solvitren” are 
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rich in fluorine. Litzka (1936/7, h) showed that while fluorine and tyrosine have 
only a slight thyroid hormone antagonizing effect, fluortyrosine is several hundred 
times more active in this respect than either of its constituents and counteracts all 
the important physiological effects of thyroxine in various biological tests. It has 
no antithyrotrophic effect, however. 

According to Kin (1938) pancreatectomy prevents the formation of antithyroid 
substance in the thyroid hormone-treated rabbit. He concludes that the thyroid 
hormone neutralizing principle is a hormone which originates in the pancreas. 

It is not within the scope of this review to give a detailed discussion of all the 
substances which have been found to antagonize the action of thyroid hormone, 
but we wish to emphasize that ascorbic acid, diiodotyrosine, various sterols, and 
numerous other substances have been found to possess such an activity. 

The question whether a true immunity with antibody formation may occur as 
a defence against thyroid extracts was first investigated by Papazolu (1911). This 
author obtained a positive complement fixation reaction with the serum of patients 
suffering from Graves’s disease against extracts of the thyroids of such patients. 
Vallagussa (1910) and KoUe (1909) were imable, however, to demonstrate any 
antibody or antigen in the blood or thyroid of patients suffering from Graves’s 
disease. Ballner et al. (1912) found that sera of individuals suffering from goitre, 
and even sera of non-goitrous individuals, living in the Tyrol where goitre is 
endemic, give a complement fixation reaction with alcoholic extracts of thyroid 
tissue. Bauer et al (1937), Bauer (1937), Bauer & KunewSlder (1937) and Bauer 
& SchSchter (1936) found that rabbits chronically treated with thyroxine become 
resistant to the hormone, and at the same time their serum acquires the property 
of giving a positive complement fixation reaction with thyroxine or diiodotyrosine. 
However, they found that this resistance cannot be transferred passively by injecting 
the serum of a thyroxine-resistant animal into a non-pretreated one. These authors 
observed, furthermore, that the complement fixation reaction with diiodotyrosine, 
which is usually positive in cas^ of severe Graves’s disease, became negative 
following the removal of the hyperactive thyroid. Kestner (1937) reported experi- 
ments showing that the serum of sheep chronically injected wiA pig thyroid 
emulsions exerts antithyroid effects, in so far as rabbits, dogs and rats treated with 
this serum show a decrease in metabolic rate. The author believes this to be due 
to the formation of organ-specific antibodies. 

The positive results of immunizing experiments against th3n:oglobulin (Hektoen 
et al 1937 » others) have already been mentioned in the historical introduction 
and need not be discussed here in detail, since there is little evidence of their having 
anything to do with antihormones in the true sense of the word, especially since 
it was shown that in vivo antithyroglobulin fails to antagonize the physiological 
actions of thyroglobulin (Schulhof, 1930). Rosen & Marine (1937) showed that 
prolong^ injections of iodothyroglobulin do not cause refractoriness to the 
metabolic action of this substance in the rabbit, in spite of the definite imi-miTu* 
r^onse (precipitin formation). It also suffices simply to mention the finding of 
Picado & Rotter (1936), who obtained specific precipitins against thyroid protein. 
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(2) B^ect of the antithyroid principle on metabolism and on various organs 

It is obviously impossible to discuss the physiological effect of the antithyroid 
hormone at this stage when even its very existence has not as yet been definitely 
proven. It might be useful in this connexion, however, to enumerate the most 
important effects of thyroid-hormone-antagonizing blood extracts without taking 
any definite stand for or against their interpretation as true antihormones. 

The fact that tyronorman decreases the rise in basal metabolism noimally caused 
by the thyroid hormone seems to have been well established both in animal 
experiments and in patients suffering from Graves’s disease (Blum, 1932, 1933; 
Schdneberg, 1933 ; Herzfeld & Frieder, 1933 ; Mayer-Umhofer, 1932; and Baumann, 
1934). According to Oberdisse & Thaddea (1932a, b) even the metabolism of 
normal, otherwise non-treated rats decreases 16-26% below normal imder the 
influence of treatment with Antithyroidin-MSbius. 

The glycogen fixing ability of the liver is not significantiy influenced by tyro- 
norman in the normal rat or guinea-pig (Zimmermann, 1936). On the other hand, 
Anselmino & Hoffmann (1933) claimed that the depletion of liver glycogen, which 
is normally caused by thyroxine treatment in the rat, may be prevented by tyro- 
norman feeding, and similar results have been obtained in the guinea-pig by 
Schneider & Widmann (1935). Loeser (1936a), however, was unable to show such 
an antagonism between thyroxine and tyronorman with respect to their action on the 
liver glycogen of the guinea-pig. 

The »wfa«<»pAofw-stimulating effect of thyroxine may also be inhibited by 
blood or lipid extracts of blood (Romeis, 1916; Blum, 1932; Eufinger & Gottlieb, 
1935; Eisfeld, 1936; etc.). 

Kiistner (1934) claimed that tyronorman increases milk secretion in women, a 
fact which he explained as resulting from a neutralization of excess thyroid hormone, 
which, as is known, may decrease milk production. Hinrichs (1935) was unable, 
however, to confirm these findings. 


(3) The antithyroid hormone content of the blood and tissue under normal 
conditions and under the influence of various stimuli 

The ether-soluble fraction of normal human urine contains an antithyroid 
principle, according to Keeser (1938). 

Fellinger & Schlesinger (1935) showed that the ether-soluble antithyroid 
substances of the blood disappear under the influence of Graves’s disease, and 
reappear if such patients are successfully treated by X-ray irradiation of the thyroid 
or by thyroid resection. This increase to normal or even above normal level was 
particularly marked in cases treated with diiodotyrosine. In normal persons, on 
the other hand, Bodart & Fellinger (1936) found no increase in the antithyroid 
substance content of the blood following diiodotyrosine treatment. The latter 
investigators found, furthermore, that in myxoedema, the blood is particularly rich 
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in such antithyroid substances and thyroid treatment decreases their concentration 
in such cases. 

Magistris (1935) claimed to have isolated a water-soluble antithyroid compound 
from the blood of rats rendered resistant to thyroid hormone by continued thyroid 
treatment. He claims that this principle is identical with the metabolic hormone 
of the anterior lobe which he calls “orophysin” and differs from the “calechin” 
of Blum. He observed, furthermore, that treatment with anterior lobe extracts 
containing orophysin antagonizes the action of thyroid hormone on the liver glycogen 
of the rat. This observation confirmed him in his belief that the hypophysis contains 
and produces an antithyroid principle. 

According to Kin (1938) pancreatectomy prevents the formation of antithyroid 
substances in the blood of the rabbit. 


VI. ANTIHORMONES AGAINST VARIOUS OTHER HORMONES 
(i) Antigrototh hormone 

Collip (1934) noted that hypophysectomized rats treated with a purified growth 
hormone preparation grew rapidly for a certain time but then their growth ceased 
in spite of continued treatment with the same dose of the same extract. Evans et al 
(1935) confirmed these experiments with purified preparations, but found that no 
such dechne in growth occurred in hypophysectomized rats treated with crude 
extracts of growth hormone. Since they observed that such crude extracts re- 
initiate growth in hypophysectomized animals after they ceased to grow under the 
influence of treatment with purified growth hormone preparations, they concluded 
that the cessation of growth in rats treated with purified preparations is not due 
to the development of antihormones, but to the necessity of substances, which are 
present in crude extracts but not in the purified ones, for continued growth. 

(2) Antiprolactin 

Following continued treatment with a prolactin preparation pigeons may become 
insensitive to large doses of this particular extract. Since, however, they will still 
respond to relatively small doses of other prolactin preparations, the phenomenon 
was considered an extract-specific immunity rather than a loss of sensitivity to 
prolactin itself (Kabak & Stidova, 1937). In goats the milk production-stimulating 
effect of anterior lobe extracts likewise decreases after some time (Griiter, 1931). 
Following prolonged treatment of rabbits and monkeys with a prolactin preparation 
which also contained the “glycotrophic factor”. Young (1938) obtained an anti- 
serum which antagonized the effect of prolactin on the crop gland of the pigeon. 
The serum did not inhibit the glycotrophic effect of pituitary extract, but it h^d a 
marked antithyrotrophic effect, although the antigenic pituitary extract contained 
no demonstrable amounts of thyrotrophic hormone. Strangeways (1938) noted that 
an antiprolactin serum obtained from rabbits precipitates prolactin solutions in vitro 
and at the same time decreases their activity on the crop gland. 
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(3) The antiketogenic hormone 

Black et al. (1934) showed that rats treated chronically with hypophyseal 
extracts rich in the ketogenic principle become veiy resistant to these extracts, 
and their serum, when injected into otherwise untreated animals, transfers to them 
the resistance against the ketogenic action of pituitary extracts. It was shown, 
furthermore (Black, 1935), that rats resistant to the ketogenic principle showed only 
slight acetonuria when treated with laige doses of phlorrhizin while fasting. Black 
interpreted his findings as showing that phlorrhizin causes ketonuria by stimulating 
the hypophysis to secrete more ketogenic hormone, and that pretreatment with 
ketogenic extracts prevents this ketonuria, because it renders the animals resistant 
to the ketogenic hormone secreted (under the influence of phlorrhizin) by their 
own pituitaries. If this interpretation is correct, his findings would give very strong 
support for the antihormone theory. 

(4) Anticortin 

Hartman et al. (1938, 1939) showed that constant treatment with cortin leads 
to a refractory condition in dogs and man which may be transmitted from individual 
to individual by blood transfer. The immune serum gives positive complement 
fixation and precipitation reactions with the antigenic cortin preparation (Toby 
& Lewis, 1937). 

(5) Aniioestrm 

D’Amour et al (1934) and Twombly (1936) called attention to the fact that even 
prolonged treatment of castrate females with oestrin did not result in any decrease 
in their sensitivity to this hormone, and that the blood of such animals when 
transferred to other animals has no oestrin-anlagonizing effect. They concluded that 
no antihormones are formed against non-protein hormones, which might be 
considered as an argument in favour of the antibody theory of antihormones. 
Ssargin & Pleteneva (1937) likewise failed to demonstrate antioestrin in the blood 
of rabbits chronically treated with large doses of oestrin. It should be emphasized, 
however, that in the non-castrate female there is a definite reaction to large doses 
of oestrin which consists of an enlargement of the adrenals, corpora lutea and the 
hypophysis (Selye et al 1935). It has also been shown that this reaction is of great 
physiological significance, since adrenalectomized or hypophysectomized rats are 
extremely sensitive to oestrin and succumb after a relatively short treatment with 
this hormone (Selye et al. 1936). While it is impossible to say as yet whether the 
compensatory secretion of true hormones, in an endeavour to antagonize the action 
of excessive quantities of other hormones, should in any way be compared with 
antihormone formation, it appears from these experiments that oestrin may 
stimulate the production of certain oestrin-antagonistic substances. Selye et al 
(1935) have also shown that after a prolonged period of oestrin treatment the 
enlarged corpora lutea involute, and, at least to a certain extent, the hypertrophy 
of the adrenals and the hypophysis retrogresses in spite of continued oestrin 
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administration. This finding may either be due to a loss of the oestrin-sensitivity 
of the hypophysis, or to the formation of anti-substances against the hormones 
secreted by the animal’s own pituitary under the influence of oestrin. They cannot 
be regarded, hovrever, as due to the formation of antihormones against oestrin 
itself, since the uterine and vaginal effect of the hormone persisted throughout the 
experiment. 

It is interesting in this connexion that Brandt & Goldhammer (19366) were 
able to produce complement-fixing antibodies against oestrin by combination 
immunization, using pig serum as a carrier. These antisera failed, however, to 
neutralize the physiological actions of oestrin. 

(6) Antiprogesterone 

It is well known that progesterone is not able to maintain the endometrium in 
a decidual condition indefinitely, but this phenomenon of desensidzation is not 
due to antihormone formation since the blood of rabbits which had become 
insensitive to the hormone of the corpus luteum as a result of chronic treatment 
fails to neutralize the action of progesterone in non-pretreated animals (Ostergaard, 
1937^)* combination with oestrin, progesterone retains its activity for a very 
long time (Ostergaard, 19376). 

(7) Antitestis hormone 

Picado (1936) and Picado & Rotter (1936) claim to have demonstrated precipitins 
against testis protein in the blood of various animals, and speculate concerning 
their relationship to antihormones and to longevity. Brandt & Goldhammer (19366), 
using pig serum as a carrier, produced complement-fixing antibodies against testis 
hormone (Proviron) which, however, did not neutralize the actions of the hormone 
in bio-assays. 


(8) Other antxhormone-Uke substances of doubtful nature 

The initial hyperglycaemia elicited by certain insulin preparations has been 
regarded as due to the presence of anti-insulin in the pancreas (Wichels & Lauber, 
*' 93 ^)* Partuner (1935) claims to have produced an antiserum against parathyroid 
hormom which has beneficial effects in cases of asthma, rheumatism, etc., but his 
evidence is not very convincing. Kestner (1938) claims that the serum of rabbits 
chronically injected with a cattle pituitary emulsion causes a decrease in the 
specific dynamic action of the anterior lobe in rabbits. He attributes this to the 
formation of organ-specific antibodies against anterior lobe tissue. Following prolonged 
tr^tment with pituitary extracts containing the carbohydrate metahn lisTin .. infliif;nrm g 
principle, rats become entirely resistant to its action. The cause of this resistance 
has not been analysed as yet (RusseU, 1938). Serio (1936) found that dogs treated 
with adrenaline or piuMn may go into chronic hypoglycaemia following a short 
period of glycosi^ The author debates the possibiKty that this change may be 
due to the formation of antihormone against these hormone preparations. A certain 
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refractoriness to adrenaline following prolonged pretreatment had already been 
observed by Elliott & Durham (1906) who emphasized, however, that this is not 
due to the formation of an antibody against the hormone. Ssaweljew (1904) 
claimed, however, that passive immunization against adrenaline is possible and 
Stradiotte (1905-6) asserts that he obtained an adrenaline-precipitating and neutral- 
izing antiserum. Bauer (1937) obtained a positive complement-deviation reaction 
following chronic treatment with adrenaline, and s imil ar results have been reported 
by Taubenhaus & Medak (1937), who used other phenol derivatives. A gonad- 
inhibitory ovarian extract was prepared by Schirch (1938), but the author does not 
think that this substance should be called an antihormone. 

Numerous other examples of acquired resistance against various hormone 
preparations could be enumerated, among which the so-called “tachyphylaxis” 
j^ainst posterior lobe preparations is particularly well known, but since tliere is 
no definite proof of any direct connexion between these phenomena and anti- 
hormone formation, it seems hardly justified to give them space here. The same is 
true of the so-called cytotoxic sera and protective ferments. 


VII. SUMMARY 

After a short review of the history of antihormones, the antigonadotrophic and 
antithyrotrophic hormones have been discussed in detail because these are the best 
known members of this group. The possible existence of other antihormones, 
especially of antigrowth hormone, antiprolactin, antiketogenic, anticortin, anti- 
thyroid hormone, etc. has also been considered. 

In view of the fact that many of the relevant publications have appeared in 
foreign languages and in journals not readily accessible to the general public, we 
tried to make this review as complete as possible. We felt that in the present state 
of our knowledge, an imbiased presentation of all the available data which may 
throw light on Ae theoretical interpretation and practical evaluation of the anti- 
hormones would prove of more value to the reader than an elaborate discussion of 
theories and personal views, most of which would after all have to be based on 
impressions rather than on knowledge. 

The most important facts which, as our survey shows, arc not definitely 
established are the following: 

1. The blood of animals chronically treated with gonadotrophic or thyrotrophic 
preparations acquires the ability to neutralize the action of such preparations in 
other animals. 

2. The antihormones are specific in so far as, for instance, antigonadotrophic 
hormone does not antagonize the action of the thyrotrophic hormone and vice versa. 

3. The blood of an animal rendered immune to a certain type of a gonado- 
trophic preparation, though very active in neutralizing the action of this preparation, 
may be relatively inactive with r^ard to other gonadotrophic extracts. Similar 
examples of extract specificity have been observed concerning the antithyrotrophic 
hormone. 
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4. Neither the presence of the effector organ (the gonads in the case of the 
gonadotrophic and the thyroid in the case of the thyrotrophic hormone) nor that of 
the hypophysis is essential for antihormone formation. 

5. There is little or no evidence that chemically pure hormone preparations 
such as the oestrogens, adrenaline, etc., may form antihormones in the true sense of 
the word, although the sensitivity of the organism to such preparations may decrease 
after prolonged treatment. 

In summarizing the essence of this survey, the authors emphasize, however, 
that the fact tliar pretreatment zoith certain hormones will cause the appearance in the 
blood of principles antagonistic to these hormones may be regarded as established 
beyond doubt. It is felt that the much-debated question, whether these principl^ 
are hormones or antibodies, cannot be answered with certainty as yet; and even if 
we knew more about them the answer would largely depend on our definition of 
these two types of active principles. 
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L THE CHEMISTRY OF FLOWER COLOUR VARIATION 

Colour is one of the characters of plants and animals most frequently used in 
genetical investigations. Separation of colour types depended until recently on 
visual comparisons alone. These, since they represent only a first analysis, are 
always inadequate and may sometimes be misleading. For a further understanding 
of the developmental processes involved we need a knowledge of the chemical 
structure and properties of the pigments responsible. 

It is with the flower pigments, especially the anthocyanins and anthoxanthins, 
that chemical analysis has gone farthest. In other cases, such as eye colours in 
Drosophila (Beadle & Ephrussi, 1936, 1937) and chlorophyll deEdencies in Zea Mays 
(Phipps, 1929), TrifoUum pratense (Williams, 1937) and Datura (Inman & Blakeslee, 
1938), something is known of the pigments which are affected, but nothing of the 
nature of the changes they undergo. It is in the flower pigments that gene action 
can be ^cammed for the first time in its fundamental sense, namely as governing 
simple chemical changes : oxidation, reduction, methylation and glycoside formation. 

The great majority of flower pigments belong to three main classes, the antho- 
cyanins and the anthoxanthins, both of which are sap-soluble, and the carotinoids, 
which are generally found in the plastids and are not sap-soluble. The term 
anthocyanin, introduced by Marquart (1835) and used by other early workers, 
denoted simply the red and blue sap-soluble pigments of plants. It is still used in 
this broad sense by botanists, but in chemical usage the term is generally reserved 

3-a 
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for what are known as the hydroxy-flavylium salts, which include most, but not 
all, of the red and blue plant pigments. Full details of the chemistry of the hydroxy- 
flavylium salts can be found in the publications of Willstatter (1913, 1914, 191S1 
1916), Robinson^ and Karrer® and their collaborators; as much as is relevant to 
this review is outlined below. 


(i) anthocyanins 

With two exceptions the anthocyanins (in the limited sense) are derived from 
three hydroxy-flavylium salts, pelargonidin (I), cyanidin (II) and delphinidin (III), 
which differ only in the number of hydroxyl groups in the 2-phenyl nucleus: 



These substances, known as anthocyanidins, are the colour-producing part of 
the anthocyanin molecule. They do not occur free in nature, but in combination 
with one or two molecules of a sugar, this compound being an anthocyanin. 

As shown, cyanidin has one more hydroxyl group in the molecule than pelar- 
gonidin, and delphinidin two more. This is one of the principal factors upon which 
vanation in flower colour depends, as an increase in Ae number of oxygen atoms 
(in the form of — OH groups) causes a marked increase in blueness of tone. The 
scarlet pelargonium, deep red rose and purple delphinium are good examples of 
colours due to pelargonidin, cyamdin and delp hinidin derivatives respectively. 

A second variable involving structural difference in the anthocyanidin molecule 
concerns the 3^- and 5'-hydroxyl groups,* which may or may not be methylated, 
that is, have the hydrogen atom of the hydroxyl group replaced by a methyl group, 
— CH3. Other conditions being the same, methylated anthocyanins or antho- 
^anidins are redder than the corresponding unmethylated types, e.g. peonidin (IV) 
is redder than cyanidin and malvidin (V) is redder than delphinidin. 




T'yvt?®* they. chem. Soe. A synthesis of pyiylium salts of anthocyanidin type ”, 

parte I-XJUI, 1922-34; Experiments on the sratheais of anth^anins”, parts I-XXVI. imi-ia. 
a ^ papers m Heh. Ckim. Acta, ” uher Fflanzen&xbstoffe”, 1927-32. 

Wrsutin, found in Primula Jursuta, which is a 
3 .5 . 7 - 0 -tnmeth>l delphimdm derivative. Tbs, however, only occurs in smne four spedea. 
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Reference to formulae I, II and III shows that there is one methylated derivative 
of cyanidin — ^3 '-0-methyl cyanidin (peonidin), and two of delphinidin, the 3'-0- 
methyl derivative (petunidin) and the 3' 15': 0-dimethyl derivative (malvidin). 

As mentioned above, the anthocyanins are compounds involving one or two 
molecules of a monose. Of these sugar molecules, one is always attached at the 
3-position. If a second sugar molecule is present, it may either be attached directly 
to the first one or be linked with the anthocyanidin at position 5-. Hence there 
are two classes of glycosides : {a) those with a monose or a biose attached at position 3 -, 
{b) and those with monose units at both 3- and 5-. These two classes differ in colour, 
the 3 :5-dimonosides (VI) being bluer than the corresponding 3-type (VII). 




For the terminology employed in describing these glycosides see Robinson 
& Robinson (1932). 

So far three factors influencing the colour of anthocyanins have been dealt 
with, namely: 

(i) the number of substituent hydroxyl groups in the anthocyanidin molecule, 

(ii) the methylation of hydroxyl groups, 

(iii) the position of attachment of sugar molecules. 

Combinations of these three give rise to twelve anthocyanins each slightly 
different in colour, but together covering a wide range from scarlet to purple. The 
three factors are all dependent upon structural changes in the anthocyanin molecule, 
that is, the differences are internal. Conditions external to the molecule may also 
affect the colour of the anthocyanins. The most important of these conditions is a 
phenomenon known as copigmentation which will be referred to in connexion 
with the anthoxanthins. 

Modification of flower colour can also be brought about by variation of a second 
external factor; the pH of the cell sap. The colour of pure natural or synthetic 
anthocyanins, all of which are indicators, varies from red to blue according to the 
pH of the solution, being blue at a high pH and red at a low one (see Robinson 
& Robinson, 1933). Comparisons of the colour of different anthocyanins should 
therefore be made in solutions of the same pH (Robertson & Robinson, 1929). The 
suggestion that many flower colour variations are due to changes in the pH of the 
cell sap was made by Willstatter & Everest (1913), Buxton (1932) and others. This 
was proved correct by Philip-Smith (1933) making use of the indicator nature of 
the anthocyanins themselves and by Scott-Moncrieff (1936) using a glass electrode. 
It should be emphasized that the values given by the latter direct method are not 
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an anthocyanin form weak additive complexes that are much bluer than the 
anthocyanin alone. Willstatter & Zollinger (1916) observed that the addition of 
tannin to a solution of malvidin 3-glucoside produced this eflFect. Robinson & 
Robinson (1931) and later Lawrence (1932) pointed out that such complexes play 
an important part in producing variations of flower colour. The anthoxanthins are 
not the only natural copigments; tannii« and other unidentified substances also 
act in this way. Copigmentation varies in degree according to the nature of the 
anthocyanm ; delphinidin derivatives are most readily copigmented and pelaigonidin 
derivatives least so. It is also dependent upon the nature of the anthoxanthin, 
ivory anthoxanthins usually being the most eflFective. 

{d) The structural similarity of the anthocyanins and anthoxanthins suggests 
that their syntheses in the plant may be correlated. Evidence from Dahlia (Lawrence 
& Scott-Moncrieff, 1935) shows that the two classes of substances are formed from 
the same starting materials which are probably limited in quantity. This results in 
competition between the two, and if most of the precursor is utilized in the synthesis 
of one pigment, then of necessity less of the other is produced. Thus the presence 
of much anthoxanthin may lead to almost complete suppression of anthocyanm, 
producing delicately flushed flowers. Further, if the anthoxanthin concern^ is a 
copigment for the anthocyanin, then there is a modification of colour as well as 
of intensity. 

(3) The carotinoids 

Although there are* no combined chemical and genetical data on the inheritance 
of the non-sap-soluble flower pigments, some mention of them must be made. 
They comprise a number of yellow or orange substances, xanthophylls and 
carotins, which are carried by plastids or are dissolved in oils (MSbius, 1885). 
In the absence of anthocyanins they are either solely responsible for flower colour, 
or are supplemented by yellow anthoxanthins. In the presence of anthocyanins 
the colour is a blend of the two. 

To summarize the position, variation in flower colour may be brought about in 
the ways shown in Table I. Changes are shown in one direction only; the reverse 
may be inferred. 

Table I 

Increased blueness 
Increased blueness 
Increased redness 
Increased blueness 
Increased blueness 


Increa^ yellowness 
Alteration of background 
Chanm in oopigment effect 
Partial suppression of one or both 
types 


Anthocyanins: 

i. Increase in number of hydroxyl groups 

ii. Alteration from 3- to 3:5-80^ types 

iii. Methylation of one or more hydix^l groups 

iv. Increase in pH of the cell sap 

V. Copigmentation (anthoxanthins, tannins, etc.) 

Anthoxanthins: 

vi. Increase in number of hydroxyl groups 


viL Interaction of anthocyanins and anthoxanthins 
Plastid pigments: 

viii. Alteration in nature of phistid pigment 


Yellow ^ orange 
Alteration of background 
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II. THE INHERITANCE OF COLOUR VARIATIONS 

It is clear from the preceding account that the visual method of classifying 
flower colour variations is analytically inadequate. A change from red to blue, for 
example, can be brought about in five different ways. Should the plant under 
examination make use of two or more of these wa3rs, as is often found, the inheritance 
may be confusing or even completely misleading. In addition to facilitating 
genetical classification, a knowledge of the chemistry of the substances concerned 
constitutes a first step towards an understanding of the mechanism of gene action. 
The question of the biogenesis of the anthocyanins, anthoxanthins and related 
substances necessarily involves the recognition of the successive stages of their 
synthesis, and one method of attack is by the separation of the effects of the genes 
controlling these stages. Genetics and biochemistry must go hand in hand, since 
any information bearing on synthesis in vivo means a step forward in the inter- 
pretation of genetical data, and conversely. 

The first to realize this was Wheld^e (1914) who attempted to analyse the 
pigments in various genotypes of Antirrhinim nugus. Unfortunately little was known 
at that time of the chemistry of the anthocyanins, and perhaps the main outcome 
of Wheldale’s wort was to draw attention to the potentialities in this field. Later 
Scott-Moncrieff, at the suggestion of Haldane, began a series of combined chemical 
and genetical studies of flower colour variation, and it is from these studies that the 
greater part of our knowledge of the subject has been derived (see Scott-Moncrieff, 
1936; Lawrence & Scott-Moncrieff, 1935; Beale et al. 1939; Lawrence et al. 1939; 
Haldane, 1935, 1937). 

For convenience of presentation, we shall consider the action of genes involved 
in pigment production under two heads — “qualitative” and “quantitative”. The 
former refers to the production or non-production of a pigment, and the latter to 
difference in the amount of pigment. The distinction is obviously arbitrary, and 
breaks down in extreme cases. Modification of chemical structure is, of course, 
regarded as a qualitative change. 

(i) The role of genes in pigment production: qualitative effects 

In many garden plants there are coloured and white-flowered varieties. The 
white forms usuaUy originate as mutants from the coloured, and differ from them 
in respect of a single gene. TTius the hybrid from crossing the coloured and white- 
flowered forms of Phaseohis multiflorus resembles the coloured parent (Tschermak, 
19^)* Op self-fertilization of this hybrid, coloured and white-flowered forms 
scp^egate in the ratio 3 * t • The presence or absence of anthocyanin is here deter- 
mined by a single gene, which in the recessive condition is apparently inactive. 
In like manner, the production of anthoxanthins may be controlled by a single gene. 
Magenta flowers of Primula acatiUs differ from the red in that the former contain 
large amounts of an anthoxanthin copigment not present in the latter. This 

difference has been shown to be due to asingle gene (Buxton, 1932; Scott-Moncrieff, 
1932, 1936)- 
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The fonnation of the carotinoid or so-called “plastid” pigments is controlled in 
the same way. In Cheirantkus Cheiri (Scott-Moncrieff, 1936) the presence or 
absence of a deep yellow non-sap-soluble pigment is governed by a gene Y. In 
flowers containing anthocyanin the yellow pigment has a strong background eflfect, 
and the flower colour is brown or orange as compared with the purple or pink of 
the plants recessive for Y. 

These examples deal with dominant genes which give rise to the formation of 
some pigment. In certain cases, however, it is the recessive form which is pig- 
mented, while the dominant allelomorph is apparently negative. For example, in 
Ptimula sinensis (de Winton & Haldane, 1933) the white-flowered type is dominant 
to the coloured, and in Papaver Rhoeas^ the production of an anthoxanthin co- 
pigment is a recessive character (Scott-Moncrieff, 1936). 

In an account of the genetics of Zea Mays, Eyster (1934) lists thirteen groups 
of complementary genes which affect chlorophyll production. One of these groups 
includes eleven recessive genes giving rise to albino seedlings containmg at most 
only traces of chlorophyll. That is, eleven dominant genes are necessary for the 
normal production of chlorophyll and the carotinoid pigments. There is also a 
second group of seven dominant genes which are necessary for the production of 
chlorophyll alone. In these two groups alone, then, eighteen dominant genes had 
been recognized in 1934 (and others have since been found) which are necessary for 
the production of chlorophyll. These genes probably act in series and control 
successive stages in the synthesis of chlorophyll (see Haldane, 1937). The identifica- 
tion of dominant genes is of course only possible when mutant recessives arise. 
In the case of the flower pigments no instance is known in which so many genes 
have been identified, but there are several plants where more than one gene is 
necessary for the production of anthocyanins or anthoxanthins. 

In Cheirantkus Cheiri (Scott-Moncrieff, 1936) and Lathyrus odoratus (Bateson 
et al. 1905) two complementary genes are necessary for anthocyanin formation. 
Similarly, in L. odoratus, an anthoxanthin copigment is produced only when the 
genes K and M are present (Beale et al. 1939). The position in Pharbitis ml (Hagiwara, 
1932) is more interesting. Four complementary genes Ca, C, A and R are necessary 
for anthocyanin formation. The flowers of all plants recessive for Ca are dead 
white and contain no anthoxanthin. The dominant gene Ca produces some 
anthoxanthin; C in the presence of Ca produces much anthoxanthin and R and A 
together with Ca and C produce anthocyanin. In addition, dominant whites are 
known (Hagiwara, 1929). 

Mattkiola incana (Saunders, 1928) and Lirum usitatissimum (Tammes, 1922; 
Searle, 1926) carry respectively two and three complementary genes for anthocyanin 
formation. In both cases the effect of these genes alone is sufficient to produce 
only an extremely light pink, hardly distinguishable to the eye from white. An 
additional gene (or genes) is necessary for the development of coloured phenotypes 
of average intensity. 
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(2) The role of genes in pigment production: quantitative effects 

A gene is said to be dominant when it produces the same phenotypic effect in 
both the homoTygous and the heterozygous conditions. Such a gene has been 
mentioned in the case oiPhaseolus multiflorus, where the heterozygote from coloured 
white resembles the homozygous coloured parent. There are numerous other 
examples. However, in MirabiUs jalapa the Fj from crossing crimson x yellow is 
intermediate, i.e. it has orange-red flowere and segregates i crimson : 2 orange- 
red : I yellow in Fg (Marryat, 1909). This quantitative difference between the 
homozygous and heterozygous forms indicates that one gene of the kind segregating 
does not have the same effect as two. Such characters are said to be incompletely 
dominant. A theory to account for them, advanced by Goldschmidt (1927, 1938), 
is that differences in rates of reaction can determine whether dominance is complete 
or incomplete. If this is so, the phenotypic expression of the gene concerned should 
be dependent upon the temperature, since temperature is one of the factors 
controlling reaction velocity. The amount of an end-product, as well as its rate of 
formation, should be greater at a higher temperature provided the temperature 
coefficient of competing processes is not higher than that of the reactions leading 
to the end-product under consideration. No quantitative work has yet been done 
on flower pigments, but cases are known where modification follows temperature 
variation. 

Klebs (1906) observed a variation in the flower colour of Campanula Trachelimn 
from white, in heated greenhouses, through pale blue to deep blue in the cold. 
In Primula sinensis (de Winton, private communication) the effect of a dominant 
gene inhibiting anthocyanin formation in the petals is incomplete in phenotypes 
containing anthocyanin in the stigma. Such plants show an increase in the amount 
of anthocyanin in the petals when kept at a lower temperature. The possibility of 
a rise in temperature causing an increase in the amount of anthocyanin is not 
realized in these two examples. Klebs considered this to be due to the fact that 
growth at high temperatures is so rapid that anthocyanin intermediates are not 
available in sufficient quantity. However, Kuilman (1930, quoted by Karstens, 
1938) found that at 5° C. seedlings of Fagopyrum esctdenttmi develop an antho- 
cyanin, cyanidin 3-glycoside (Karstens, 1938), slowly and after some time the 
amount of pigment remains constant. At higher temperatures (25°, 30°) the antho- 
cyanin appears more quickly, though the quantity is less than at lower temperatures. 
By analogy with all genetically analysed cases, this process must be gene controlled. 
It shows, then, that the expression of the genes governing anthocyanin formation 
is dependent upon reaction velocity. Probably the majority of quantitative differences 
in gene-controUed processes — ^incomplete dominance, intensify ing and diluting 
effects — can be explained in this way. 

In diploid plants incomplete dominance is found less frequently than in 
polyploids. In the latter more than two of each gene may be preset, and additive 
effects are conomon. Johnson & Miller (1938) found that the amounts of total 
carotinoids and of ^-carotene in the endosperm of Zea Mays is approximately in 
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direct proportion to the number of “dominant” Y genes. The vitamin A activity 
is also in close agreement (Mangelsdorf & Fraps, 1931). The results are shown 
in Table II. 


Table II 


Endosperm 

genotype 

Total carotinoids 

% 

Ratio 

YYY 

0-000465 

3*3 

YYy 

0-000282 

2-0 

Yyy 

0-000139 

i-o 

yyy 

0-000042 

0-3 


j 3 -carotene 

Relative 

vitamin 

activity 

/O 

Ratio 

0-00013 1 

3'i 

7*50 

0-000079 

1-9 

5-00 

0-000042 

i-o 

a-as 

0-00001 1 

0-3 

0-05 


In flowers of Dahlia variabiUs the effect of the gene A governing anthocyanin 
formation is additive, the flowers of an AAAA genotype containing more antho- 
cyanin than those of AAAa, AAAa more than AAaa and so on (Lawrence & Scott- 
Monciieff, 1935). 

Many genes have been identified whose end-effects are purely quantitative ; they 
alter the amount of pigment produced. For instance in Papaver Phoeas, the genes 
C and B increase the amount of anthocyanin (Scott-Moncrieff, 1936). In Primula 
sinensis the gene I has the opposite effect; it reduces the amount of anthocyanin 
(Scott-Moncrieff, 1936). In addition there are intensifying and diluting genes 
whose action is not effective over the whole petal, but is restricted to certain areas, 
giving rise to patterns. 

Another factor causing quantitative differences in pigment production is inter- 
action. In Primula sinensis (Scott-Moncrieff, 1936) the copigmented magenta 
flowers have less anthocyanin than the corresponding uncopigmented red flowers, 
which contain no anthoxanthin. The product of the gene B controlling anthoxanthin 
formation thus interacts with the product of the genes governing anthocyanin 
formation and the change from the dominant (B) to the recessive (b) results in- 
directly in an increase in the amoimt of anthocyanin. 


(3) Gene control of pigment modification 

The previous two sections deal with chemical processes about which we know 
little or nothing, except that they terminate in the formation of an anthocyanin or 
anthoxanthin. We shall now consider examples of gene action in which we do know 
what the gene is doing, though not yet how it does it. 

In the first place, the number of hydroxyl groups in the 2-phenyl ring of the 
anthocyanidin molecule is determined genetically. Wit (1937) found that in 
CaMstephus kortensis the change pelargonidin cyanidin delphinidin is con- 
trolled by three multiple allelomorphs. Thus if a homozygous plant containing 
cyanidin 3-glycoside is crossed with one containing pelargonidin 3-glycoside, the 
progeny all contain cyanidin 3 -glycoside and on self-fertilisation give three plants 
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with cyanidin derivatives to one with the pelargonidin derivative. Similarly, a cross 
between plants with delphinidin and cyanidin derivatives respectively yields 
progeny containing the delphinidin anthocyanin, and both parental types segregate 
in F^. 

There are two principal colour classes in Verbetia hybnda (Beale & Scott- 
Moncrieff, unpublished). The flowers of these are pigmented with derivatives of 
pelargonidin and delphinidin respectively, the production of which is determined 
by three allelomorphs. In Sireptocarpus (Lawrence Bt ah 1939) genes 0 
and R determine the state of oxidation of the anthocyanin. Plants recessive 
for O and R produce pelargonidin derivatives, Ro produce cyanidin derivatives 
and RO or rO produce delphinidin derivatives. The situation in Lathyrus odoratus 
(Beale et al. 1939) is the same as in Sireptocarpus. A further example is Primula 
sinensis. Here a gene K is responsible for the production of a delphinidin derivative, 
malvidin 3-galact08ide, while its recessive gives rise to pelargonidin 3-glycoside.^ 

As we shall show, there is good reason to suppose that the production of 
delphinidin involves one more sts^e than that of cyanidin, and that this 8t£^ is one 
of oxidation. Similarly the production of pelargonidin requires one more stage 
than that of cyanidin, in this case a reduction. Hence the genes referred to are 
bringing about oxidation or reduction processes. As in the more general problem 
of pigment production, we find that these processes are not always carried to com- 
pletion. In Sireptocarpus the delphinidin and the pelargonidin derivatives some- 
times contain traces of cyanidin derivatives (Lawrence et al. unpubHshed) and in 
Verbena both the pelargonidin and delphinidin derivatives may contain small 
amounts of anthocyanin derived from cyanidin. 

A second type of chemical change which is genetically controlled is that of 
glycoside formation. In Verbena the anthocyanins are either 3 -monosides or 
3:5-dimono8ides and the diflference between these two classes is genetically 
determined. Again, in Sireptocarpus there are two main glycosidal lypes, the 
3 :5-dimonoside and a second which consists of a mixture of 3 :5-dimono8ide with 
3-pentose-glyco3ide. A dominant gene D gives rise to 3:5-dimono8ide and its 
recessive d to the mixtures of 3 -pentose-glycoside and 3:5-dimonoside. This 
situation is more complex than that in Verbena^ as recent results indicate that 
several genes, all of which are h3q)0static to D, are concerned in the production of 
the mixtures. 

In Verbena the action of the gene determining the glycosidal type must be to 
bring about union with a hexose molecule at position 5 or conversely to remove a 
hexose residue at this point. Here also examples are found where the reaction is 
not completed and mixtures of 3 -monoside and 3 15 -dimonoside result. 

A third chemical factor causing colour variation in the anthocyanins is methyla- 
tion of hydroxyl groups. Evidence from Sireptocarpus (Lawrence et al. unpublished) 
shows that this is genetically controlled, but no simple segregation of methylated 
and unmethylated types has yet been observed, so more than one gene pair is 
responsible. Nevertheless, it is worth mentioning that incompleteness of methylation 

^ Probably galactx>side, but the augar has not yet been identified. 
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is very common ; for example, mixtures of malvin with small amounts of petunin 
have been found in Lathyrus odoratus (Beale et al. 1939), while in Streptocarpus com- 
parable plants from the same family containing malvidin and peonidin derivatives 
respectively show a wide difference in the extent to which methylation is incomplete. 
In plants carrying the methylating gene or genes, unmethylated anthocyanins of 
the delphinidin series occur only in small amounts {ca. 1-5 %), but in the cyanidin 
series it is usual to find as much as 50% of unmethylated anthocyanin. 

The extent of methylation is correlated not only with the degree of oxidation, 
but also with the glycosidal type. The 3-pentose-glycosides of the delphinidin series 
usually contain small amounts of anthocyanins derived from petunidin or delphinidin 
which are not present in the 3:5-dimonosides. The same applies in the cyanidin 
series where methylation is more complete in the 3:5-dimono8ide8 than in the 
3-pentose-glyco8ides. Perhaps the most interesting interaction of this type was 
found by Beale et al. (1939) in Lathyrus odoratus. In the delphinidin series, the 
anthocyanins are fully methylated when the copigment (quercetin) is present, but 
when this is absent methylation is incomplete and mixtures of malvin, petunin 
and delphin are found. 

Robinson & Robinson (1931) devised a set of qualitative tests by which rapid 
and accurate identification of anthocyanins is possible with small amounts of 
material. These tests were soon applied to the study of the inheritance of flower 
colour variations. Unfortunately no such tests are available for the identification 
of anthoxanthins, for which tedious large-scale processes are still necessary. For 
this reason there are few precise data available concerning the inheritance of the 
flavones and flavonols. 

Wheldale & Bassett (1913) found that a gene Y produces luteolin in the lips 
and apigenin in the tube of ArOirrhmm flowers and a second gene I modifies the 
luteolin to apigenin. However, recent preliminary work (Price, unpublished) has 
cast doubt on the validity of the identification of the yellow pigment as luteolin. 
It is possible that the substance is a chalkone. 

All cyanic flowers of the garden Streptocarpus contain anthoxanthins, but some 
are copigmented and others not. The difference between the copigmented and un- 
copigmented forms is determined by a single gene which apparently modifies the 
stmcture of the noncopigmenting anthoxanthin in such a manner that it becomes 
capable of forming an additive complex with the anthocyanin. A similar situation 
is found in certain genotypes of Primula sinensis, which contain large amounts of 
an anthoxanthin that does not act as a ojpigment. 

Two farther identifications of anthoxanthins in genetic material are noteworthy. 
First, Beale et al. (1939) identified quercetin, accompanied by a small amoimt of 
kaempferol, in the flowers of Lathyrus odoratus. The nature of the flavonol is 
unaffected by modification of the anthocyanin. Secondly, Sando & Bartlett (1922) 
isolated quercetin, as the glucoside iso-querdtrin, and later the closely related 
cyanidin 3-monoglucoside (Sando et al. 1935) from husks of Zea Mays. 

Geae control of pH differences in the cell sap of flowers has already been 
referred to. The cases known are Primula sinensis. Primula acauUs, Papaoer JRhoeas, 
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Tropaeolum majus (Scott-Moncrieff, 1936), Lathyrus odoratus (Beale et al 1939) 
and Trifotiwn pratense (Price & Williams, unpublished). 

Two examples may be cited to illustrate the independent segregation of the 
genes whose action we have been considering, and to show how a wide range of 
flower colours results from the various combinations of only a few genes. Three of 
the major gene pairs governing flower colour in Primula sinensis are K-k, B-b 
and R-r. K gives rise to malvidin 3-galactoside and the recessive to the corre- 
sponding pelargonidin anthocyanin. B produces an anthoxanthin copigment, and 
R increases the acidity of the cell sap. On self-fertilization of a plant heterozygous 
for all three genes the following classes and ratios are obtained: 

27 EBR magenta; copigmented malvidin anthocyanin; more acid cell sap. 

9 KbR red; uncopigmented malvidin anthocyanin; more acid cell sap. 

9 EBr blue: copigmented malvidin anthocyanin: less acid cell sap. 

3 Ebr slaty; uncopigmented malvidin anthocyanin; less acid cell sap. 

9 kBR almost white; pelargonidin anthocyanin + anthoxanthin; more acid 
cell sap. 

3 kbR coral; pelargonidin anthocyanin, no anthoxanthin; more acid cell sap. 

3 kBr almost white; pelargonidin anthocyanin + anthoxanthin; less acid 
cell sap. 

I kbr pale coral ; pelargonidin anthocyanin, no anthoxanthin ; less acid cell sap. 

Similarly with the five genes, A (necessary for anthocyanin production), R, O, D 
and 1 (producing anthoxanthin copigment) in Streptocarpust we obtain eleven 
diflFeient colours, blue, purple, blue-mauve, mauve, bluish magenta, magenta, 
bluish rose, rose, pink, salmon and white, which segregate in normal Mendelian 
ratios from the appropriate crosses. 


III. THE BIOGENESIS OF THE ANTHOCYANINS AND ANTHOXANTHINS 

The biogenesis or mechanism of synthesis of the anthocyanins has inspired 
numerous publications from 1682 to the present day. A good account of earlier 
theories is given by Onslow (1925). The possibility that there is a synthetical 
interrelation with the anthoxanthins was recognized by the same author (Wheldale, 
1909) before the stmctural formulae of the anthocyanins had been worked out She 
supposed (1911) that the anthocyanins were oxidation products of flavones or 
flavonols. When it was shown that the change from flavonol to anthocyanidin must 
involve reduction, not oxidation, the earlier theory was discarded in favour of a 
reduction process (for example, see Shibata, 1915). 

Other theories, involving tannins, have also been put forward, but the most 
important contribution is that due to Robinson (1934) who suggests that the 
anthocyanins, flavones, flavonols and the related catechins and flavanones may all 
be derived, in different ways, from the same intermediate. In other words, the 
production of the anthocyanins and anthoxanthins is parallel, not sequential. The 
hypothetical intermediate (Xll) can be built up from two hexose units and one 
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triose unit by a series of aldol condensations, and dehydrations. Oxidation at carbon 
atom (i), dehydration between (2) and (3) and ring closure would give cyanidin. 

Oxidation at carbon atom (3), followed by dehydration and ring closure, would 
give luteolin, and oxidation at (2) and (3), or at (i) and (3), and then ring closure 
would give the flavonol quercetin. Support for the parallel syntheses of antho- 
cyanidins and anthoxanthins is furnished by genetical observations of the com- 
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petition in development between the two classes of substances, particularly in 
Dahlia variabitis (Lawrence & Scott-Moncrie£F, 1935; Robinson, 1936). Robinson’s 
theory was put forward on the basis that the structural units are C^-Cj-Cj and that 
these residues have a state of oxidation comparable with that of a carbohydrate. 
If the aldol condensations take place in the direction Cg -> -+• Cg ^d the Cg groups 
become phenolic nuclei, the left-hand ring will have two and the right-hand ring 
three hydroxyl groups. This is found to be so in the majority of anthocyanins, 
flavonols and catechins, which contain catechol and phloroglucinol nudei re- 
spectively. If this reasoning is justified, it follows that the 2-phenyl ring of the 
anthocyanins and fiavonols represents the hexose unit that first bec^e attached 
to the three-carbon fragment and it might be expected that this part alone would 
occur in nature. This is indeed the case, and the orientation of the hydroxyl groups 
in the benzene ring in such substances is commonly of the catechol type. This 
theory implies that cyanidin and quercetin are synthetically the simplest members 
of their classes and that pelargonidin and kaempferol or ddphinidin and myricetin 
require an extra stage of reduction or oxidation respectively. A survey of the 
frequency of distribution (Lawrence et al. 1939) provides strong confirmation of 
this view. 

Robinson & Robinson, by qualitative tests (193 1932, 1934) identified the 
anthocyanins in large numbers of flowers and fruits. These surveys were then 
extended to young leaves, in which the appearance of anthocyanin is only transient 
(Price & Sturgess, 1938) and to autumn leaves (Lawrence et al. 1938). The colour of 
flowers and fruits is known to be of importance to the organism in attracting insect 
pollinators and bird distributors respectively. Since the colour is altered by a 
change in the state of oxidation of the anthocyanidin, a mutant form containing an 
anthocyanin derived from a diflFerent anthocyanidin will be selected if the new 
colour is more advantageous to the plant than the old. In flowers and fruits therefore 
we may expect to find a greater variation in the nature of the anthocyanidin than 
in those parts of the plant where the anthocyanin has little or no value, and is not 
subjected to selection for colour. This was found to be so, as shown in Table 111 . 
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The selection of one anthocyanin type in preference to another is shown by the 
fact that over 90% of species whose flowers contain pelargonidin derivatives 
originate from tropical or other hot countries. In temperate climates, bees are the 


Table III 



Number of genera containing 
cyanidin derivatives expressed 
as a percentage of the total 
number of genera examined 

Autumn leaves 

% 

95 

Yoiing leaves 

93 

Pennanently pigmented leaves 

76 

Fruits 

69 

Flowers 

SO 


commonest pollinators. Von Frisch (1937) found that bees are sensitive to blue 
but are red-blind and so a mutation which results in reduction to a pelargonidin 
derivative would be harmful to bee-poUinated species and would tend to be 
eliminated. On the other hand, a mutant form containing a delphinidin derivative 
is likely to be advantageous in cool climates and selection would operate in its 
favour. Conversely in hot climates the pollinating agents may be red-sensitive, 
e.g. butterflies. Then a mutation to the redder pelargonidin anthocyanin has a 
greater chance of survival. It is of interest that in a number of tropical plants 
whose flowers contain cyanidin derivatives, the anthocyanin is accompanied by a 
deep yellow carotinoid pigment, the mixture having much the same colour as 
pelargonin. Thus, when a mutation arises producing this advantageous effect it is 
selected regardless of the way in which the effect is brought about. 

The flowers of the majority of “good” species are pigmented by one antho- 
cyanin only, but there are a few cases in which mixtures are encountered. This is 
of interest in coimexion with the theory of dominance put forward by Muller (1932). 
Muller supposes that dominance is developed by the selection of mutations which 
provide a margin of stability to the expression of the gene, insuring the organism 
against excessive variability of the character either by environmental or genetic 
influences. On this view, if a certain flower colour has a positive selective value, 
the production of the pigments concerned should take place under optimum 
conditions — conditions which not only allow the various stages in the synAesis to 
be completed, but also provide a “margin of safely” enabling the reactions to 
proceed normally in different environm^ats. In all probability the decisive factor 
is the rate at which the reactions take plac». Mutations increasing the velocity of 
the more important stages, such as that which differentiates delphinidin from 
cyanidin, should therefore be selected and in the majority of species or stable 
communities we should not expect to And mixed anthocyanios. 

The simplest class of anthocyanin mixture is due to incomplete methylation; 
for example, Geranium psihstmon contains malvin together with a small amount of 
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petunin. More important are those in which the anthocyanins are derived from 
anthocyanidins with a different degree of oxidation. In these species we find 
mixtures of pelargonidin and cyanidin derivatives, and of delphinidin and cyanidin 
derivatives, but not mixtures based on pelargonidin and delphinidin. The cyanidin 
is usually, but not always, present in small quantities only. This is taken to mean 
that the production of both pelargonidin and delphinidin involves at least one more 
stage than that of cyanidin, and that this stage is not always carried to completion. 
It should be emphasized that there is no suggestion that cyanidin glycosides 
themselves are oxidized or reduced — ^these processes would take place at a stage 
prior to the actual formation of the anthocyanins. Phylogenetic classification of 
the flowers which had been examined gave further evidence in support of the 
hypothesis. 

Recently, Bancroft & Rutzler (1938) have revived the hypothesis that antho- 
cyanins are formed from anthoxanthins. They consider that this is so in some 
cases, but that in others the leuco-anthocyanins, as suggested by Robinson (1936) 
may be the precursors. The leuco-anthocyanins are colourless substances which on 
treatment with acids are converted into anthocyanidins. The conversion of leuco- 
anthocyanins to anthocyanins may take place in the plant under certain circum- 
stances, such as in the development of autumnal coloration, but it is doubtful 
whether it is often so. Only two examples are on record where the anthocyanidin 
from both the anthocyanin and the leuco-anthocyanin have been identified in the 
same part of a plant, namely the flowers of Hydrangea hortensis and the fruits of 
Vitis heterophyUa (Lawrence et al. 1939). The former contained delphinidin 
pentoseglycoside and the latter malvidin 3 :5-dimonoside, but the leuco-anthocyanin 
from both 3delded cyanidin. 

Bancroft & Rutzler assert that the anthocyanins in red autumn leaves of sumach, 
dogwood and barberry ate due to reduction of flavones. This conclusion appears 
to be based solely upon the fact that the green leaves contain flavones but no leuco- 
anthocyanins; evidence which is far from convincing. 

The isolation of cyanidin 3-glucoside and the corresponding quercetin 3-gluco8ide 
from Zea Mays led Sando to favour the possibility that anthocyanins are reduction 
products of flavonols, regardless of the fact that cyanidin and quercetin derivatives 
are by far the commonest representatives of their classes (Gisvold & Rogers, 1938). 
On this basis alone it would be surprising if they were not frequently found 
together. Sando stresses the fact that previously only free flavonols had been 
studied in connexion with anthocyanins, whereas he and his collaborators found 
agreement not only between the aglycones but also in the nature of the sugar 
residue. This agreement obviously does not help to distinguish between the various 
theories which have been put forward. 

Keeble & Armstrong (1912a, 1912^) considered that anthocyanins are formed 
by the action of an oxidase or peroxidase on a chromogen. That an oxidation process 
is involved in anthocyanin formation is quite clear from the results of Kuilman 
I (1930), ELarstens (1938) and others. Karstens showed that in Fagopyrwn esctdenium 
formation of anthocyanin depends upon the availability of carbohydrates, both in 
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respect of their quantity and distribution. He farther showed that a photochemical 
reaction involving oxidation and a second oxidation process which can take place 
in the dark are ^e essential steps in anthocyanin synthesis. The fact that there 
appear to be two oxidation reactions need not be an objection to Robinson’s 
hypothesis; as this author himself points out: “only the general direction of the 
process is suggested; the biochemical detail may be much more complex”. The C3 
ft^gment may be the product of a degradation requiring oxidation. 

IV. DOMINANCE RELATIONSHIPS AND COMPETITION 

The following is an extract from a paper by Moore (1910): “ . . .if we take the 
view that life processes are chemical in their nature, we must of necessity accept 
the consequences which follow the application of chemical laws, and concede that 
such laws hold just as truly for chemical reactions within the living organism as 
for reactions in vitro ... it seems reasonable that a clear explanation of the variations 
from Mendel’s law of dominance lies. . .in the domain of physical chemistry.” 
It is evident that the action of every gene must be capable of interpretation in 
chemical terms. Large numbers of chemical reactions, some more or less inde- 
pendent, others parallel or sequential, are proceeding simultaneously in every cell 
of a living organism. If we consider the possibilities for any single reaction, then 
a gene can be controlling this reaction in one of the following ways: 

(1) In controlling supplies of the necessary reactants (such a gene might control 
a previous stage in the synthesis, or the permeability of the cells). 

(2) In removing the reaction product — ^this would, for example, be necessary in 
a balanced reaction with an equilibrium point favouring the starting material. 

(3) In supplying an enzyme or other catalyst. 

(4) In controlling conditions, such asjpH, which if unfavourable may lower the 
reaction velocity or even completely inhibit the reaction. Some of these points have 
been more fully discussed by Haldane (1932). 

In the previous sections, the effects of genes involved in pigment production 
were separated for convenience into qualitative and quantitative. This distinction 
however is clearly an arbitrary one, since some qualitative differences may be 
straightforward presence and absence, e.g. of an enzyme, while others may be due 
to interaction. Many qualitative differences also arise from interaction, but in 
other cases both allelomorphs may act in the same way to a different degree, 
particularly by influencing reaction rates to different extents. 

Dominance or recessiveness of a character is determined by the resemblance of 
the heterozygote to one or other of the homozygous forms. As Goldschmidt (1938) 
points out, dominance strictly is not an attribute of the gene, but is a phenotypic 
result of the action of the gene in relation to its genetic and external environments. 
For example, the action of the “dominant white” gene in Primula sinensis varies 
according to whether it is associated with the genes for “green stigma” or “red 
stigma” and also, as we have already se^, it varies with the temperature. It is by 
the consideratimi of reaction rates and competition that the various aspects of 
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dominance relationships are best co-ordinated. Strong support for this view is 
found in the modification and sometimes reversal of dominance by changes in 
temperature, which we know may profoundly influence reaction velocities (see 
Goldschmit, 1938). Dominance is thus determined by the reaction rate in the 
heterozygote relative to the rates in the two homozygotes. We shall now see how 
this idea is in keeping with the data on pigment inheritance. 

Examples of complete and incomplete dominance in the production of plastid 
pigments, anthoxanthins and anthocyanins have already been mentioned. Complete 
dominance is the usual state of affairs, and in such cases heterozygotes certainly 
bear a close resemblance to the dominant forms, though it has not yet been 
established by quantitative comparisons that dominance is ever 100% complete. 
Nevertheless, the chain of reactions must proceed at a rate which does not vary 
greatly with a change in dosage of the active allelomorph. 

As would be expected, it is impossible to lay down definite rules concerning the 
dominance or recessiveness of reactions leading to structural modification of the 
pigment molecule, but a higher state of oxidation is usually dominant to a lower. 
Thus the delphinidin pigment types in Streptocarpus are dominant to cyanidin, 
though the oxidation process is sometimes incomplete (see p. 44), This is 
best understood in relation to the rate at which oxidation takes place and to 
the competition between the oxidation process and the normal reactions leading 
to the formation of cyanidin. The pelargonidin types in Streptocarpus are much 
paler than, and recessive to, the cyanidin types. The rate of formation of the 
anthocyanin is evidently slowed down by the introduction of the reduction 
process so that the anthocyanin is produced in smaller amount than the corre- 
sponding cyanidin derivative. Moreover, cyanidin derivatives are also present, so 
the reduction is not carried to completion. It is not surprising then that reduction 
in the heterozygote cannot compete with the normal reactions leading to cyanidin, 
with the result that pelargonidin forms are recessive. 

In species which have only the pelargonidin and delphinidin series of antho- 
cyanins, e.g. Verbena and Primula sinensis, the oxidation and reduction processes 
are in competition with one another. Where two processes, A and B, are in com- 
petition for an intermediate a change of conditions affecting reaction velocity may 
lead to partial or complete suppression of the end-product of A, with consequent 
increased formation of the end-product of B, In extreme cases the process B may 
take place so slowly'that in normal organUms its effect is unrecognizable. But when 
one of the genes controlling B mutates to a more efldcient condition, an entirely new 
substance or character — ^the end-product of B — appears. The same result could be 
achieved by a mutation lowering the rate of A, In Prmida sinensis delphinidin 
derivatives are as a rule completely dominant to pelargonidin. Oxidation evidently 
proceeds at a much greater rate than reduction, so that the heterozygote contains no 
(detectable) pelargonidin. As in Streptocarpus, the flowers containing pelargonidin 
are very pale. However, there is a mutant gene known as “ Dazzler ” (Das) which in- 
creases the productionof pelargonidin. As a result, the flowers of k Dz forms are deep 
salmon and contain a much l^er amount of pelargonidin 3-monoside than those 
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of k dz. The K Dz forms contain malvidin 3-monoside mixed with a smaller 
amount of pelargonidin 3-monoside. This is evidently due to an acceleration of 
the reduction process to a point where it competes on only slightly less than equal 
terms with the oxidation. That it does not completely “block ” the oxidation process 
is not surprising in view of the fact that k plants heterozygous for Dz are inter- 
mediate in intensity between the two homozygotes and K plants heterozygous for 
Dz are usually indistinguishable from K dz. Moreover, Dz interacts with B, the 
gene governing anthoxanthin production, and the suppressing effect of B on kDz 
forms is greater than in K dz, supporting the idea that the reaction rate determined 
by Dz is less than that determined by K. 

The somewhat similar situation with regard to the anthocyanins in Papaver 
Rhoeas can be explained along the same lines. 

At an early stage of this work, when less information was available, Scott- 
jMoncrieff (1936) found it desirable to ascribe the behaviour of the “Dazzler” 
gene, and its analogues in Papaver ^ to a “specific” pigmentation process, though it 
is evident that even at that time certain contradictions between dependence and 
independence were inherent in this view. The idea of competitive processes outlined 
here does a^\’ay with the necessity for postulating “specific” pigmentation, i.e. 
wholly independent processes to account for supposedly exceptional cases. 

In Verbena there is little or no difference in intensity between the pelargonidin 
and delphinidin series, and competition between 'oxidation and reduction processes 
is presumably more equally balanced. This results in flowers of some plants con- 
taining mixtures of pelargonidin and delphinidin derivatives. 

The functionally tetraploid DahUa variabilis furnishes an excellent example of 
competition. The inheritance of flower colour in this plant was analysed semi- 
quantitatively by Lawrence & Scott-MoncriefF (1935). There are four principal 
genes governing flower colour: A and B, both of which produce anthocyanin, 
I which gives rise to the flavone apigenin, and Y which produces a deep yellow 
substance. This yellow pigment has not yet been identified. Schmid and his 
collaborators (1928, 1932, 1933) consider it is an isomer of apigenin, but work in 
progress (Price, unpublished) does not support this, though showing it to be closely 
related. The products of the genes A, B, I and Y interact witli one another, and 
these genes have different competitive values. Moreover, they appear to control 
to different extents the quantity of “raw material” available for pigment production. 
This suggests that the intermediate (iS), which the pigment genes are drawing 
upon, is preceded by a balanced reaction which is competing with other processes. 
The amount of “ *S” which is formed and converted to anthocyanin or anthnyantbin 
would then be dependent on the rate at which “4S” was utilized. With the intro- 
duction of more pigment genes, the rate of utilization may be increased and 
consequently more may become available. This is evidently the case in Primula 
sinensis also, where processes controlled by K and B use up the intermediate more 
rapidly than when K is acting alone. As a result, the suppression of anthocyanin in 
KB plants, as compared with Kb where anthoxan thin is absent, is not in proportion 
to the increase in anthoxanthin content. In Dahlia^ however, there is an upper limit 
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to the amount of intermediate available, and accumulation of the pigment genes 
A, B, I and Y cannot increase the total pigment production beyond a certain point. 
The genes Y and B appear to be completely dominant in the simplex condition, 
which of course means that one B or Y gene can utilize all the available intermediate. 
That it is the limitation of the quantity of intermediate which causes simplex Y 
and B to be dominant is shown by their interaction, which is dependent upon dosage. 

A is cumulative up to quadriplex, but I appears to reach its maximum of 
production when duplex. The main features of the competition between the pro- 
cesses controlled by these genes are as follows. Y strongly suppresses the effects of 
I and A; for example, Yjlg plants^ contain a little apigenin, but Yglg contain none. 
Similarly AjY^ plants contain litde or no anthocyanin while A4Y1 have a small 
amount. The competitive value of B is greater than that of I or A, consequently 
in BiYi plants there is an appreciable amount of anthocyanin, though so far as one 
can tell, less of it than of the yellow substance. In B^Yj plants the anthocyanin 
intensity is reduced. I interacts strongly with A, but almost complete suppression 
of anthocyanin formation occurs only in such extreme cases as A^Ij and A^I^. 1^ is 
unable to suppress anthocyanin production by B^ , but the intensity in plants 
is considerably decreased as compared with . These quantitative variations are, 
then, the expression of a fairly straightforward competition. But there is one further 
point of importance. The genes A and B both produce anthocyanin, they are not 
complementary, and may have arisen from the same ancestral gene and control 
the same process. They are not specific for any particular anthocyanin, and no 
gene modifying the nature of the anthocyanin has yet been identified. Yet two 
anthocyanins, cyanin and pelargonin, may occur separately or together in Dahlia 
flowers. When the sum of the potential contributions or “activity values” of the 
pigment genes is below a certain critical value, the anthocyanin is pure cyanin, 
e.g. in all A and AI genotypes. But when this sum exceeds the critical value, as in 
all AY or BY genotypes, the anthocyanin is pelargonin or a mixture of pelargonin 
and cyanin. Bj plants contain cyanm, but B, contain the pelargonin-cyanin mbcture. 
Thus the nature of the anthocyanin seems to be determined by the combined 
competitive effects of all the pigment genes. Perhaps Dahlia is homozygous for a 
gene or genes governing reduction, which is unable to proceed satisfactorily under 
all conditions. It is hoped that some erplanation of this curious state of affairs will 
be forthcoming when the structure of the yellow pigment is known. 

It will be seen from the preceding account that inherited chemical differences 
originate in two ways: first from gene action, i.e. the action of a gene in relation 
to that of its allelomorph, and secondly from gene interaction, i.e. the action of a 
gene in relation to that of non-homologous genes. These relationships are inter- 
dependent, and together they are the determinants of dominance, and sometimes 
of epistasy. 

Bateson (1909) called genes which prevent others from manifesting their effects 
“epistatic” and ie concealed genes “hypostatic”. For instance, in Cheirantkus 

^ The abbreviated symboliam of Lawrence & Scott-Monedefif for tetrasomic inheritance in 
Dahlia is used in this ar^e. Genetic constitutions ate denoted by dominant factors only. 
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Chcifi the presence of & yellow flnthoxsiithiii is mssked. when 3.cconipsniecl by & 
deeper yellow carotinoid pigment. In many such cases, inability to recognize the 
expression of the hypostatic gene is due to the use of methods which lack precision. 
For example, in DMia the deep yellow pigment produced by Y is said to be epistatic 
to the apigenin produced by I. But the presence of apigenin can be recognized 
when chemical tests are used; the same applies to the anthoxanthin in Cheiranthus. 

However, epistasy is often developmental in character; it may arise from gene 
interaction. The gene Y in Dahlia has a greater competitive value than A, and it 
may inhibit the production of anthocyanin by the latter: then, A does not manifest 
itself in the presence of Y and is said to be hypostatic to Y. Similarly in Strepto- 
carpus, competition between oxidation and reduction processes is all in favour of 
the former, so that O is epistatic to r. In each of these examples, epistasy is due 
to the simultaneity of action of the genes. 

Epistasy also arises from interference in a chain of reactions, and it would seem 
that the term epistatic could logically be applied to that member of a pair of 
complementary genes which is Imown to have priority of action. But this is not 
always easy to establish. There are eleven genes in Zea controlling the production of 
both chlorophyll and the carotinoids, and a second group of seven genes which 
controls the synthesis of chlorophyll only and is without direct eflFect on that of the 
carotinoids. We might infer that the first group of genes acts before the second group. 
Such an inference can be treated more rigorously in the case of the anthocyanins 
and anthoxanthins. We know from the competition between them that the syntheses 
of the two classes of substances are interrelated; they not only have a common 
precursor, but are competing for this precursor at the same time. To prove this 
last point let us suppose that they draw upon the precursor at different times. If the 
two competing processes are controlled by two non-allelomorphic genes, each of 
which is completely dominant in the absence of competition from the other 
dominant (such as B and Y in DahUoy or B and I when the dosage of I is two or 
more), then one of these genes (that which 
acts first) should have the same competitive 
effect in the homozygous and heterozygous 
condition. But the result of competition 
betw^een B and Y or B and I is dependent on 
the dosage of both. Therefore the synthesis 
of the two classes of substances does include, 
at some stage, a simultaneous competition 
for a common precursor. 

In Pkarbitis nil the gene Ca is essential 
for the production of both anthocyanin and 
anthoxanthin, therefore its effect is manifest 
at or before the separation of the two chains 
of syntheses. On the other hand, the genes A and R, both necessary for anthocyanm 
formation^ do not directly inffuenoe the production of anthoxanthin. Therefore 
they become effective later than Ca and may be said to be hypostatic to Ca. 
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We do not know whether A precedes R or vice versa, nor do we know whether C 
precedes Ca, but we can outline roughly the sequence of events as in Fig. i. 

In Streptocarpus the extent of methylation is dependent on the state of oxidation 
and on the glycosidal type. Evidently the genes controllmg methylation become 
operative later than O, r and D. Similarly in Lathyrus, the correlation between 
incomplete methylation and absence of anthoxanthin suggests that the methylation 
of the anthocyanin occurs after the divergence of the anthocyanin and anthoxanthin 
syntheses. 

V. SUMMARY 

1. The principal flower colouring matters are the anthocyanins, anthoxanthins 
and carotinoids. Variation in colour depends upon the presence or absence of one 
or more of these substances, upon structural alterations in their molecules, changes 
in the^H of the cell sap, or quantitative changes affecting the amounts of pigment 
produced. 

2. Pigment production is genetically controlled, and in a number of cases 
complementary genes are involved. 

3. Variation in the amoimt of any pigment is also gene controlled. Such 
quantitative differences can be interpreted in terms of the velocity of the reactions 
involved in pigment production. 

4. Modifications of the chemical structure of anthocyanins, including the state 
of oxidation, glycosidal type and probably the degree of methylation are each 
determined by simple gene relationships. In certain cases reactions are incomplete, 
giving rise to mixtures of anthocyanins. 

5. The synthesis of anthocyanins in the plant is correlated with that of 
anthoxanthins. Some workers consider that the anthocyanins are formed from 
flavones or flavonols, but the most comprehensive theory, put forward by Robinson, 
postulates parallel formation of anthocyanin and anthoxanthin from the same 
intermediate. On this theory cyanidin and quercetin are synthetically the simplest 
members of their classes, others requiring ad^tional stages of oxidation or reduction. 
The above view is supported by statistical analysis of the distribution of antho- 
cyanins in flowers, fruits and leaves. 

6. Heritable chemical differences restilt in the first place from gene action. 
They may be accentuated or minimized by gene interaction, which can modify 
dominance relationships and is sometimes the causal factor of epistasy. A study 
of gene interaction can also help in the determination of the sequence of gene action. 
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' ADDENDA 

1 . Since this article was written, a similar review has appeared on the “ Genetics 

and Chemistry of Flower (Uolour Variation”, by R. Scott-Moncrieff {Ergehnisse 
der Enzymforschufigi i939» ^77)* 

2 . The yellow colouring matter of Dahlia variabilis has been identified as the 

chalkone butein, OH 
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a substance structurally related to the anthocyanins and flavones, and belonging to 
the Q — Cj— Cg group (Price, chem, Soc. 1939, p. 1017). Thus, in Dahlia there are 
now three types of similarly constituted pigments instead of two, and competition 
between three genetically controlled lines of synthesis. 

3. Hibbert (J. Amer. chem. Soc. 1939, 61 , 725) has discussed the formation of 
ta nnins and pigments in the light of recent work on lignin. In his opinion the 
theory that hexoses are precursors of the phenolic components of tannins, lignins 
and pigments does not provide a satisfactory solution of the problems of plant 
synthesis, and he puts forward the view that simpler substances, such as methyl- 
glyoxal or its dismutation isomers, may occur as intermediates. In effect, Hibbert’s 
theory does not conflict with that of Robinson outlined in the present review, but 
carries the question a stage further back. 

4. In a reply to Bancroft & Rutzler (1938), Robinson & Robinson (J. Amer. 
chem. Soc. 1939, 61 , 1605) again point out that they do not regard the production 
of anthocyanins from leuco-anthocyanins as the standard mechanism, but merely 
as an auxiliary process possibly operative in autumnal reddening and other special 
cases. G. M. Robinson (J, Amer. chem, Soc. 1939, 61 , 1606) has discussed those 
factors causing variations of flower colour which are not due to changes in the 
nature of the anthocyanin, e.g. the concentration of the anthocyanin relative to that 
of co-pigments. She also points out that chlorogenic acid may have some significance 
in relation to flower colour. 

5. R. Harder (Naiurtoissenschaften, 1938, 26 , 713) describes the effect of tem- 
perature changes on the development of anthocyanins in several plants. In Viola 
and Calceolaria^ in addition to the cases mentioned earlier in this article, increase in 
temperature results in a diminution in the intensity of anthocyanin pigmentation. 
But in Petunia the reverse is the case; the flowers of a variety which are self- 
coloured violet when grown at 35° C. have large white areas when grown at 25® C. 
and at 15® C. these white areas extend over nearly the whole of the flower. Not only 
anthocyanins, but also flavones and leuco-anthocyanins are inhibited in these white 
areas. A certain strain of Dahlia variabilis resembled Petunia^ having yellow 
flowers when grown out of doors and red when grown in a hot-house at 30® C. 
This is probably a strain which is not pure recessive for genes controlling antho- 
cyamn production, but one in which anthocyanin is normally suppressed by 
interaction with Y genes. In both Petunia and Dahlia Harder found that modifi- 
cations arising from temperature diflferences are initiated during a sensitive period 
prior to the opening of the flower. In Petunia a decrease of light intensity also 
brings about increased anthocy anin production. 
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I. INTRODUCTION 

Quezxjue soit I’oeuf de Mtexiaire que Ton envisage, il subit apr^ la segmentation, 
un changement subit de fonne, un remaniement profond de la repartition de ses 
masses cellulaires. Cette gastrulaHon precede toujours de peu rapparition des 
oiganes primordiaux. On ne peut echapper k Timpression qu’dUe en soit le veritable 
prelude. 

Mais une telle preoccupation de considdrer le developpement comme un fait 
actuel dont les causes immediates meritent d’etre eiuddees n’a pas toujours ete le 
but des embryologistes. Les postdarwiniens consideraient plutdt I’Ontogenie en tant 
que reflet de la Phylogenkse. C’est Haeckel surtout qui s’est ingenie k edifier un 
systeme zoologique base sur ce qui dtait considere comme ime recapitulation 
ancestrale. Suivant cette conception, la gastrulation, stade primitif et commun k 
tous les Metazoaires, doit representer un etat ancestral commun et primitif. C’est 
cette theorie de la gastraea^ etre didermique, muni d’une cavite centrale, VarcJ^n- 
tiron^ qui communique avec I’exterieur par un blc^opore qui a servi de base fonda- 
mentale jusqu’k ces dix denukres aimkes. Notons cependant que certains auteurs 
ne Tout admis que sous de serieuses reserves (cf. la ikre edition du Traiti 
d*Etnbiyologie de A. Brachet, 1921). 
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La seconde idee maitresse qui a longtemps doming I’id^e de la gastnilation 
des Chord^s est celle de VentSrocoeUe de O. & R. Hertwig (i88i). D’apr^s cette 
notion, chez certains Invert^br^a et chez tons les Chordds, le m^soderme se forme 
par ^vagination de deux poches coelomiques k partir dc la paroi archcnt^rique. 

•Rt ifin chez les Vert^bres encore, la troisifeme clef de la gastnilation 6tait la 
concrescence de His (1873): le blastopore se fermerait par une veritable suture 
mediane des deux moiti6s du corps. 

Pour His, qui se basait sur les aspects de la gastnilation des S^laciens et des 
T^ 16 ost 6 ens, tout le corps embryonnaire se serait constitu6 par concrescence. Mais 
ult^rieurement, les experiences d’ electrolyse de Kopsch (1904) sur Toeuf de Truite 
ont fait accepter generalement la notion d’une concrescence restreinte au tronc et 
k la queue, la region cephalique restant unitaire; ce qui semblait d’ailleurs corre- 
spondre k Tinterpretation que Ton donnait de I’asyntaxie blastoporale (“spina 
bifida”) des Amphibiens (cf. 0 . Hertwig, 1892). II est juste de noter que certains 
auteurs comme Morgan (1893, 1895) et Sumner (1904), etudiant la morphogenese 
des Teieosteens, refuserent leur credit k toute idee de concrescence, sous quelque 
forme que ce soit. Mais une telle attitude n’etait qu’exceptionnelle. 

Une quatrieme notion ayant joud un grand role egalement dans I’etude de la 
gastnilation est celle des ^'centres de croissance**. Due surtout k Assheton (1895, 
1905, 1916), elle suppose que certaines parties du corps seraient edifiees particuliere- 
ment par la croissance intensive de certains “centres” au niveau de la gastrula (voir 
aussi Veit, 1923). C’est d’elle que d^rivent les distinctions en aero-, c^phalo-, 
notog^nkse, defendues surtout par Hubrecht (1890) et Brachet (1914, 1921). 

Notons enfin le souci qu’avaient Hubrecht (1890) et Keibel (1900, 1905), 
sp^cialistes du d^veloppement des Mammifkres, de ne consid^rer la gastnilation que 
comme la formation d’lm emhryon didenrdque, et de retrouver ce stade chez toutes 
les formes. 

En d6pit de ces idees directrices, le r^sultat etait mediocre. Les controverses 
^taient plus nombreuses que les faits etablis et seuls les sp^cialistes pouvaient 
s’imaginer comprendre la gastnilation. Ce qui 6tait en d^faut, c’^tait la methode 
d’investigation: l’6tude des “stades” sur coupes strides. L’usage cxclusif de cette 
methode, beaucoup trop statique, ne peut convenir au dynamisme gaslrulecn. Le 
caractkre cinetique de la gastnilation 6tait cependant soupgonn^. Mais le seul 
examen des coupes s^riees ne pouvait decider de ce qui revenait 6ventuellement aux 
d^placements des cellules, k leur regroupement sur place (“d^lamination”) ou k la 
proliferation. 

L’examen de I’ceuf vivant, muni de repkres, sous forme de marques colorees 
locales avait ete tente dks 1911 et 1912 par Goodale et reprise plus taid par Smith 
(1914, 1922); mais c’est k Vogt (1925, 1929a) que revient le merite d’imaginer une 
techmque suffisamment maniable et de I’avoir exploite systematiquement sur les 
ceufs des Amphibiens. Son memoire fondamental (precede de notes preiiminaires 
en 1922, 1924) bouleverser de fond en comble nos notions sur la gastrula- 

tion des Vertebras. Chose assez caract^ristique, 1 ’ interpretation des aspects micro- 
scopiques, si p^nible auparavant, devi^t ^dente depuis que I’on connait, par 
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r^tude des marques colordes, les voies des d^placements cellulaires; les deux 
m^thodes se compl^tent. 

Chez les Oiseaux, Graper avail d^s 1912 mis une m^thode au point permettant 
de cin^matographier des germes prealablement colors au rouge neutre et d’y suivre 
les ddplacements des particules. Les rdsultats en paraissent en 1929 en mfeme temps 
qu’un mdmoire de Wetzel qui dtudie I’application des marques color^es localis^es 
sur I’embryon de Poulet. A cdtd de rdsultats concordants, il subsiste toutefois des 
contradictions entre les deux auteurs, surtout dans leurs interpretations (cf. Graper, 
1930; Wetzel, 1931). 

Dans les ann6es qui suivent, les marques color^es sont appliqu6es avec succ^s 
aux cEufs de Petromyzon (Weissenberg, 1929, 1933, 1934, 1936), de ScylUum 
camcula (Vandebroek, 1936), de la Truite (Pasteels, 1933, 1934, 19366), de Fundidus 
(Oppenheimer, 1936). L’ extension des conclusions de Vogt aux autres Ananmiotes 
ne rencontrait aucxme difficult^. Par ailleurs, une 6tude nouvelle de la gastnilation 
de I’Amphioxus, due k Conklin (193a), par la ddlicate analyse du “cell-lineage”, 
permet d’envisager cette gastnilation typique sous un jour nouveau, de montrer son 
identity avec celle des Ascidies (Conklin, 1905) et de la comparer efficacement avec 
celle des Vert6br6s. Mais c’est chez les Amniotes surtout que I’effort d’investigation 
devait etre poursuivi. Chez les Oiseaux, les contradictions entre les donn6es de 
Graper et de Wetzel rendaient une nouvelle dtude ndcessaire (Pasteels, 19376). 
Avant cela, toutefois, la gastnilation des Reptiles, qui apparaissaient comme un 
veritable r^bus, devait 6tre d^chiffrde (Pasteels, 1937 fl). 

Ces documents nouveaux nous permettent enfin d’envisager la gastnilation des 
Chord^s sous un jour unitaire (cf, Pasteek, 19376; Dalcq, 1937, 1938; Vandel, 
1937). Sans doute, des lacunes persistent encore. Certains groupes zoologiques tels 
que les Myxines, les Gano'ides, les Dipneustes, les Gymnophiones, les Crocodiliens, 
et surtout les Mammif^res m6riteraient d’etre 6tudi6s k leur tour. Mais ce que Ton 
en sait d6jk permet bien d’affirmer qu’ils ne nous r6servent aucune surprise. Plus 
delicate est la question de la mise en place de I’entoblaste et de la signification du 
stade didermique chez les Amniotes. Nous nous y arrSterons plus loin. 

II serait 6videmment desirable de pouvoir envisager une vue comparative de la 
gastrulation chez tons les M^tazoaires. Malheureusement, les dtudes ne sont pas 
encore sufEsamment poussdes chez I’ensemble des Invert6br^ pour que cette com- 
paraison puisse gtre faite de fa9on utile, d^s maintenant. On ne dispose en effet de 
documents sdrs que chez POursin; aussi chez les Aim 61 ides et MoUusques qui ont 
etd analyst pendant la premiere ddcade de ce si6cle par I’admirable m6thodc du 
“cell-lineage” de l*6cole am&ricaine (E. B. Wilson, E. G. Conklin, F. R. Lillie). 

Le cas de I’Oursin est assez significatif : e’est un objet surabondamment travaill^ 
et chez lequel la gastrulation apparait d’une simplicity yiymentaire. 11 a fallu 
cependant que Hdrstadius (1935) utilise la coloration vitale au bleu de Nil pour 
redresser une erreur concemant la limite d’invagination. II n’est pas excessif 
d’affirmer que tons les documents anciens (sauf ceux du “ceU-lineage” qui sont 
impeccables) sont k revoir. Certains myriteraient, en raison myme de leur gros 
intyryt thyorique, ime ytude particuliyrement attentive, par exemple, cette affinna- 
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tion de Lignau en 191 1 qui, chez le Diplopode Polydesmus, fait s’invaginer entoblaste 
et mdsoblaste par des blastopores differents (cf. Dawydoff, 1928, p. 53^)* 

Nous devrons done, quoique k regret, nous limiter aux Chord6s. Nous adop- 
terons la nomenclature des feuillets propos^e par Daicq & Gerard dans la zkme 
Edition du TraitS d'EmbryoIogie de A. Brachet (1935). 

11. REVUE DE LA GASTRULATION CHEZ LES DIFFERENTS CHORDES 

I. Amphibiens 

Le m^moire de Vogt (1929^), consaerd k Tdtude approfondie de la gastrulation 
des Urodkles et des Anoures, est venu renouveler intdgralement nos notions sur la 
gastrulation des Vert6br6s. H convient done d^envisager les r^sultats de Vogt en 
detail, quitte k y ajouter quelques precisions nouvelles acquises depuis lors. 
L’auteur a associe les deux methodes: sa technique des marques colorees et I’etude 
microscopique usuelle. 

Les marques colorees sont realisees par le contact d’lm fragment d’agar im- 
pr^gne prealablement de bleu de Nil, de rouge neutre ou de brun Bismarck. La 
coloration qui se fixe sur les plaquettes vitellines et surtout sur le pigment n’a aucune 
tendance k la diffusion ult^rieure. Sauf surcoloration 6ventuelle, facile k 6viter, la 
vitality des cellules tatou^ ne subit aucune alteration. On a depuis reussi k con- 
server soit le bleu de Nil (Lehmann, 1928), soit le brun Bismarck (Weissenberg, 
1929) sur coupes fibtees, mais les lesultats de Vogt ont 6 t 6 acquis independamment 
de ces perfectionnements. 

Les marques (de preference de coloration altemee) sont repdrees par rapport k 
I’axe ovulaire et au plan de symetrie bilaterale. Des dessins k la chambre claire, des 
dissections lorsque les cellules color^s se sont enfonc^ au sein du germe in- 
diqueront le chemin qu’elles ont parcouru et leur destin6e finale dans le jeune 
embryon muni de ses organes primordiaux. Un repdrage syst^matique de tous les 
points de la surface de la blastula constitue ainsi le point crucial de I’^tude de la 
gastrulation. Une telle 6tude aboutit k trois ordres de lisultats que nous envisa- 
gerons successivement. (i) Les diflF^rents organes primordiaux de la jeune larve 
d^rivent de portions d^finies du germe pr^gastnil6en. II existe done dans la blastula, 
pour chacun de ces organes un groupe cellulaire qui en constitue la source mat^elle. 
On peut done delimiter sur la blastula une v6ritable carte g^ographique de ces 
ibauches prisomplives. Ce serait toutefois ime grosse erreur que de conf^rer k cette 
notion d’ordre purement topographique une nuance de cau^t 4 , que de les con- 
fondre par exemple avec des “localisations germinales”. Ce dernier terme im- 
pliquerait cn effet que le tenitoire co^id^r^ posskderait les causes intrinakques de 
sa destinke. Or pour les kbauches prksomptives, rien n’est moins vrai. S’il existe, 
par exemple, im croissant dorsal de cellule blastulkennes dont les dkrivks consd- 
tueront le systkme netveux, on sait par ailleurs que ces propriktks neurales leur sont 
confkrkes au contact du chordomksobkiste sous-jacent, du centre organisatem de 
Spemann. (2) Les tenitoires de la blastula, pour parvenir k leur emplacement 
dkfinitif dans la jetme larve, suivent des chemins bien dkfinis. L’ensemble de ces 
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deplacements des cellules, dont I’amplitude dtait m8oup9onn^, ddtenninera les 
changements successifs et si caract^ristiques de la forme gastrulteime. Ces mouve- 
ments de manoeuvre de la foule cellulaire peuvent Stre analyses en grandes com- 
posantes que Vogt ddnomma Gestaltungshewegimgen*', les mouvements morpho- 
gdnStiques. (3) Ces faits nouveaux permettent enfin une interpritation nouvelle de la 
gastrulation. 

Avant d’entrer dans le detail de ces trois ordres de r&ultats, il convient de noter 
que des marques color^s ont dt6 appliqu^es d^s le stade morula sur I’oeuf de Triton 
(Vogt, 1 929 Cl ) ; et de Grenouille (V otquenne, 1 934), ce qui a pu demontrer I’existence 
de mouvements pr^gastrultens, li^ au creusement du blastoccele (Vintemberger, 
1933, 1934) et consistant en un tassement g^ndral des dbauches vers le pole inf6rieur 
de ToBuf. Sur I’ceuf insegmente, en Tabsence de cellularisation, I’application de la 
m6thode est peu fructueuse, les pardcules colorees 6tant d6plac6es et s6par6es par 
les remaniements intraovulaires considerables, encore que mal connus. A ce stade, 
le marquage eiectrolytique de Ancel & Vintemberger (1934) est d’un meilleur rende- 
ment et a pu eiucider le remaniement cortical aboutissant h. la formation du croissant 
gris des Anoures. 

(a) Le plan des ihauches de la hlastula 

Ces plans tels qu’ils resultent des recherches de Vogt sont representes sur la 
fig. I a (Triton) et b (Bombinator). L^oeuf y est vu de profil, son pdle inferieur en 
bas, son cdtd dorsal ^ droite, son cdte ventral k gauche. On salt que de coutume, les 
ceufs des Amphibiens pr^sentent successivement, de haut en bas, trois zones dis- 
tinctes: une region animale k petites cellules pigment^es, une zone' equatoriale 
“marginale** k cellules gris^tres, enfin un amas inf6rieur de cellules fortement 
chargees de vitellus et de ce fait ties grosses et blanches. La zone marginale con- 
stitue une ceinture, plus lai^ du c6t6 dorsal, comprise entre les deux courbes bL 
(blastopore) et Li. (liraite d’invagination). Tant ciez les Urodfeles que chez les 
Anoures, on y trouve dorsalement tout juste au-dessus du blastopore, I’entoblaste du 
pharynx; imm6diatement au-dessus le materiel, mal d 61 imite, de la plaque prd- 
chordale; plus haut encore, la chorde dorsale (ponctu^e). Celle-d se prolonge en 
deux comes lat^rales dans la zone marginale lat^rale. 

Cette zone lat^rale diffire chez les Urodfeles et les Anoures. Chez lea premiers 
en effet le trac6 du blastopore suit exactement la limite ento-m^oblastique tandis 
que chez les seconds, il existe dans la partie basse de la zone marginale une languette 
d’entoblaste correspondant k la vofite du tube digestif. Chez les Anoures, cet 
entoblaste va cacher complktement les lames lat^rales qui sont partiellement visibles 
en surface chez les Urodkles. Chez tous les Amphibiens, les somites ant^rieurs 
peuvent 6tre d 61 imites sous forme de bandelettes obliques allant en haut se raccorder 
aux prolongements lat^raux du territoixe chordal. Vogt n’a pas explorA les zones 
ventro-iatdrales. Elies sont laissdes en blanc chez les Anoures; sur le plan des 
Urodkles nous voyons un territoire tronco-caudal dans la partie ventrale de la 
ceinture marginale, se prolongeant en une mince banguette au-dessus de la chorde. 

Des recherches toutes rdcentes sont venues nous apporter des precisions supple- 
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mentaires. Reprenant I’^tude de la fonction de la queue, 0 . Nakamura (1938) con- 
firme chez Tnturus pyrrhogaster (Boie) les donn^es acquises par Bijtel (1931) chez 
TAxolotl (cf . plus loin). De plus, I’auteur japonais delimite le territoire somitique 
sous forme d’ailcs ne ddpassant que de peu le plan m^dio-frontal, mais remontant 
ensuite au-dessus de la chorde, k la limite du territoire d’invagination, et meme au- 
dessus de celle-ci, en ce qui conceme les somites caudaux (cf. fig. 4^). 

Selon Nakamura, la zone marginale ventralc ct ventro-latdrale est constituee par 
du materiel allant former uniquement les lames lat^rales et non en partie le bourgeon 
caudal, comme le croyait Vogt. Toutefois Nakamura ne delimite pas les diff^rents 
somites et ne donne qu’une indication gdn^rale sur la situation des premiers somites 
du tronc, des somites postdrieurs, et des somites caudaux. II paraissait cependant 
int6tessant de \oir comment ils se raccordent k la chorde et au mat(iriel lateral; aussi 
ai-je 6te amen^ k rechercher ces precisions chez TAxolotl. La fig. 2 a, b nous offre 



Fig. I. Flan dea 6bauches de la jeune gastrula des Amphibiena (d’aprte Vogt, 19290). (a) Tnton 
vue uif6neure. Li. limite d’mvagination; bl. lieu d’appantion du blastopore; pv. pdle v6g6tatif; 
+ , pdle mfdneur de k jeune gaatruk; ponctuation dense et foncde: champ chordal; ponctuation 
d’mtensitd mo>enne: mdaoblaate; lea somites sont indiquds par des traits obhques et des chifiGtes; 
le matdriel caudal par une ponctuation trds espacee; aire hachurde. prondphros ; tireta denses . champ 
neural; tuets espacds* dpiblaste; en bknc: I’entoblaste; ovales: pochea brancl^^es. (6) Tnton, vue 
latdrale. Mdmes symboles. D. cdtd dorsal; V. cdt6 ventral, (c) Bombmator, vue doi^e. Mdmes 
symboles aud. vducules auditives; erist. cnstallm; oc. chiasma et vducules optiques; adh. glandes 
adhdsives. (d) Bombmator, vue latdrale. M&nes symboles. ciph. limite cdphalique de I’cctoblaste. 

k cet 6gard une nouvelle 6tape, qui n’est pas definitive non plus, car des recherches 
ultdrieures devraient encore predser certains points difficiles, tels que les limites 
exactes du champ chordal. Les contours douteux sont d’ailleurs marques en tirets. 
En 2 a, b nous voyons la blastula d’Axolotl respectivement de profil et de face. J’ai 
pu confirmer les donn^es de Nakamura en montrant de plus que les somites consti- 
tuent des bandes tr^ inclin^es, se rapprochant davantage de Thorizontale que Vogt 
ne les a repr^sent^s chez le Triton. Les dix premiers se trouvent dans la concavity 
de Tibaudie chordale. Celle-ci, comme Motomura (1932) I’a d6jii montr^ chez 
Hynobius^ est beaucoup plus ramasste que Vogt ne la figurait; ses limites lat^rales 
restent ind^cises toutefois. Les somites troncaux post^rieurs sont repr^nt& par 
de minces bandes, tr^ serr^es, mais tr^ longues puisqu’elles s"4tendent depuis les 
environs de la ligne m^diane, au-dessus de la chorde jusqu’au del^ du plan m^o- 
frontal. Les somites caudaux pr^sentent la mfeme disposition, mais plus serres 
encore. A I’exemple de Nakamura, je les figure au-dessus de la limite d’invagination, 
puisqu’ils passent dans la plaque et le tube miduUaire avant leur mise en place 
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definitive. Le pronephros que Ton pent colorer par des marques atteignant le 
blastopore i 90° du plan sagittal, se trouve dans le prolongement des 3eme et 
somites. Le canal de Wolff suit exactement la limite des somites et des lames 




DISCOGLOSSE. 


Fig. 2. Plan des ^bauches de la blastula avancee de PAxolotl et du Discoglosse. Indications gindrales : 
sphere vue en perspective; lea latitudes et longitudes de 30° en 30° dessin^ en tiiets. Les linutes 
bien pi^ns^es aont dessin^ en traits pleins, les contours mcertains en tirets. Aire en tirets (Neur.) : 
neurectoblaste; sue ponctu6e: chorde; stiies obliques: somites; traits entrecrois^s: mesenchyme de 
lanageoireventraledelaqueue, D o0t6 dorsal; V, c6t6ventral;> v. pdlev^gdtatif, /at.partielat^rale; 
p.p. plaque pr^ordale; Lt. liimtc d’mvagination; bl. lieu d'appantion du blastopore, (a) Axolotl, 
vue lat^rale. EpAl. ^iblastc, U. lames latdiales; m c. mdsoblaste c^halique. (b) Axolotl, vue de 
face. Mes.ceph. m^soblaste c^phahque; enixiph. entoblastc c^halique. (c) Discoglosse, vue latdrale. 
Indications dans I’ectoblaste; card, r^on cardiaque; adh. glandea adhesives; ciph. limite c£phalique ; 
F limite faciale; stom stomodocum; hyp. hypophyse; VI. flanc; Dors, dos; c ggl. erdte ganglionnaire; 
v.g., a.q., d.q , portions ventrale, apicalc et dorsale de la queue. Indications dans Tentoblaste: 
cipk. tfite; tr tronc; q. queue; a.l. parois latdiales de I’anus; a.v. parois ventrales de I’anus. id) Dis- 
coglosse, vue de face. M&nes symboles. 

latdrales. Des recherches rdeentes d’O’Connor (1938) montrent toutefois que 
l’6bauche du canal de Wolff ne d^passe pas le 7^e segment. Quant aux lames latdrales, 
il n’y a gu^re que leur partie postdrieure qui puisse 6tre entiferement colorable par 
des marques superfidelles; pour les segments antdieurs, la partie ventrale du seg- 
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ment disparait en profondeur et celi d’autant plus qu’il s’agit d’un segment situe 
plus en avant dans I’embryon ; entre le et le izfeme somite, il n’y a que la partie 
dorsale des lames lat^rales qui soit superficiclle; les lames entiferes des trois premiers 
segments sont profondes, et meme, comme Tavait deji vu Vogt, unc partie des deux 
premiers somites. 

J'ai fait un reperage analogue sur Toeuf dc Discoglossc, dont le plan avait et^ 
public (Pasteels, 19360) sans le trace des somites individucls. Sur la fig. 2c, d, nous 
voyons que ce plan pr^sente la m8me allure gdn^rale que chez 1 ’Axolotl, mais la zone 
marginale est plus aplatie, et la chorde et les somites sont rejetds davantage vers le 
c6t6 ventral. La forme g^n^rale du territoire somitique est la meme; mais si les 
somites post^rieurs n’empi^tent que peu au-dessus de la chorde en revanche ils 
occupent toute la zone ventro-lat^rale. Les somites indhiduels sont moins inclines. 
L’ensemble des lames lat^rales ainsi que le pronephros et le canal de Wolff sont 
cacl^es en profondeur, vraisemblablement sous la crete entoblastique sus-blasto- 
porale si caracteristique des Anoures. Celle-ci a pu 6tre subdivisee en territoires 
cephalique (f.), troncal (fr.), caudal (^., constituant tout I’entoblaste caudal), anal 
lateral (/.o.), anal ventral (v.a.). II est curieux de constater la place considerable que 
prend I’anus sur la surface de I’ceuf. 

Quant k I’ectoblaste, on salt depuis Vogt que, chez les Urodeies (figs. lo; 26) 
il est il peu pres subdivise en deux parties egales, une dorsale constituant le neurecto- 
blaste,^ une ventrale I’epiblaste. Chez les Anoures, oh le chordo-mesoblaste est 
beaucoup plus tasse, le neurectoblaste Pest tout autant et forme un croissant dorsal 
situe aux environs de I’equateur (fig. 2 c) ou au-dessus de lui (fig. i b). Cette demiere 
figure montre en pointilie la delimitation de I’ectoblaste de la tete, le lieu de chiasma 
optique, de la v^cule auditive (Vogt). Chez le Discoglosse (Pasteels) on pourra 
voir (fig. 2c,d)h topographic des cretes ganglionnaires (c.g.), de I’epiblaste hypo- 
physaire (A), slomodaeal (rt), de I’ensemble de la face (F), de I’epiblaste de la tete, 
des glandes adhesives de la larve {adh.)^ de la region cardiaque (card.), des branchies 
(6r.), du ventre (V), des fiancs (V.I.), des parties ventrale (v.q.), apicale (a.g.) et 
dorsale (d.q.) de la queue. 

Pour fitre complet, le reperage devrait etre poursuivi en profondeur. A defaut 
de marques colorees, il faut se contenter de donnees experimentalcs. A ce point de 
vue, les meilleures sont lea explantalions de parties de germe cultivces en solution 
physiologique telles que les a realisees Holtfreter (1938 a, b). Toulcfois, ces donnees 
memes ne peuvent Stre considerees qu’avec circonspection, car les conditions d’ex- 
plantation peuvent modifier I’evolution des territoires. En effet, si nous comparons 
les resultats de Holtfreter avec le plan des ebauches, nous voyons en premier lieu 
que I’ensemble du chordo-mesoblMle pent, aprfes explantation, donner indifferem- 
ment de la chorde, des somites, du systfeme nerveux et de I’^piblaste. En revanche, 
Holtfreter (1938a, p. 629) croit que pour des differentiations telles que le rein, le 
coeur, le sang, les divers organes entoblastiques, de telles metaplasies sont plus rares 
et que ses donndes peuvent dans ce cas foumir des renseignements sur la localisation 

^ Le te nne de neurectoblsste a 6t6 propose de £19011 heureuse par Celestino da Coata (193S) pour 
remplacer le terme de neuroblaate, prStant i confusion de Dalcq & Gerard. 
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des dbauches. Ceci n’est pas certain. En eiffet, Holtfreter fait d^river le pronephros 
des Urodiles de la zone marginale interne, le maximum de tubes n^phr^tiques se 
trouvant dans des explantats provenant de la zone situ^e 35 i 40® du plan sagittal. 
Or, nous avons vu que pronephros et canal de Wolff chez I’Axolotl proviennent de 
materiaux superficiels, le proniphros se trouvant d 90“ du plan sagittal^ le canal de 
Wolff k la limite des somites et des lames latdrales. Ici aussi, nous trouvons une 
discordance marquee entre les donn^es d’explantation et d’observation. Acceptons 
done sous toutes reserves, en attendant confirmation ulterieure, que chez les 
Urodeies le materiel cardiaque se trouverait dans la zone marginale interne k en- 
viron 35° du plan sagittal, le sang s’y situerait dans la region ventrale (Holtfreter, 
1938^, p. 629). Les materiaux entoblastiques se trouveraient au plancher de la 
cavite de segmentation: foie encadre de I’estomac dorsalement, intestin ventrale- 
ment; la region du pole vegetatif etant constiluee de vitellus nutritif sans significa- 
tion organogenetique. Une disposition analogue se retrouverait chez les Anoures 
(Holtfreter, 19386, p. 721). Notons qu’ici, le pronephros est certainement interne 
et tres probablement, vu la disposition des somites, plus median que chez les 
Urodeies. 

L’essentiel du plan des ebauches des Amphibiens peut etre risumi par les trois 
principes suivants : (a) I’oeuf peut etre de haut en bas divisd en trois zones: une zone 
animale, ectobfastique, non invaginee, une zone marginale moyenne, invaginee au- 
dessus du blastopore, eniin une calotte vitelline inferieure qui s’invaginera sous le 
blastopore. (6) Les organes axiaux de I’embryon futur (systems nerveux; chorde, 
somites) sont disposds en croissants transversaux. (e) Les territoires mediodorsaux 
de I’embryon se trouvent ddje sur la ligne mediodorsale de la blastula. 


(6) Les mouvements tnorphogSndHques 

Ces mouvements ont etd systematises par Vogt en grandes composantes qui sont : 
Vinvagination, la convergefice dorsaley la divergence ventrale et VdpiboUe. 

(i) Vinvaginaiion conceme k la fois la zone marginale (chordomesoblaste seul 
chez les Urodeies, plus la cr^te entoblastique chez lea Anoures) et la masse vitelline 
entoblastique. Le sillon blastoporal apparmt e la limite de la zone marginale et du 
vitellus, en premier lieu du cote dors^, puis se continue progressivement par deux 
levres laterales (“blastopore en fer k cheval”), puis par une levre ventrale (“blasto- 
pore annulaire”) en suivant le trace de la courbe bl. des figs, i et 2. L’amas de 
cellules drconscrit par ce blastopore anntdaire (cf. fig. 4 c) se denomme “bouchon 
vitellin” (vu en coupe sagittate sur la fig. 3 6, e). Mais I’orifice blastoporal se retrecit 
de plus en plus et le bouchon viteUin se rdduit pour Stre englouti k I’interieur de 
I’oeuf, Au moment de I’apparition de la plaque meduUaire, ce blastopore n’est plus 
qu’une fente qui devient I’anus chez les UrodMes tandis que chez les Anoures il se 
subdivise en anus et canal neurent6rique. La zone marginale s’invaginant au-dessus 
du blastopore, le bouchon viteUin en dessous, e’est entre les deux qu’il faudra 
rechercher la lumi&re archent^rique. 

Avant d’entner dans le detail, remarquons I’^tendue de ce mouvement d’invagi- 
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nation. C’est presque toute la moitid infdrieure de la surface blastul6enne qui se 
replie i Tmt^rieur de Toeuf. Or, avant le m6moire de Vogt, on ^tait loin d’te 
unanime k attribuer la formation des feuillets profonds i des deplacements si 
6tendus des cellules. On considdrait plus volontiers qu’il se passait des regroupe- 
ments limits de cellules se trouvant d^j^ en profondeur (“clivage gastrul6en” de 
A. Brachet) et surtout de la “proliferation” au niveau du blastopore. 

Le clivage gastrul^en joue un role r6el mais accessoire, et chez les Anoures seule- 
ment, au d^but de la gastrulation, au niveau de la zone marginale interne, sur le 



Fig. 3. Reconatnictiona de coupes sagittales: a, b, c, Urod^es; d, e,f, Anoures (d’aprte Vogt, 1929, 
les fliches des figs, a et 6 ont itd ajout^). Les tirets indiquent la progression du matdriel 
blastique. 


pourtour du plancher blastocoelien, les cellules vitellines profondes se ditachent de 
la couche superficielle et servent ainsi d’avant-garde aux cellules invagin^s. 

Quant k la proliferation, il a suffi trop souvent d’apercevoir quelques mitoses au 
hasard des coupes pour la mettre en cause. En realit6, une statistique rigoureuse 
n’a jamais iti faite et la demonstration qu’il existe redlement une croissance, con- 
dition premiere pour que la “proliferation” puisse provoquer une deformation du 
germe, n’a jamais ete envisagee. Pour le Discoglosse, Wintrebert (1935) parle 
volontiers d’un “centre initiateur mitogenetique”, mais sans aucune base objective 
(Pasteels, 1936a). Recemment Bragg (1938), denombrant dans les divers territoires 
de I’ceuf.la proportion des mitoses par rapport au nombre total des cellules chez 
I’Anpure Bufo cognaiuSy en arrive k des conclusions assez singuUeres qui devraient 
faire admettre que le developpement de ce crapaud serait totalement different de 
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tout autre Amphibien. En r6alit6, la m^thode de Bragg, conune celle de toute 
r^cole de Richards (1935, etc.) n’est exacte qu’en apparence, mais entach6e d’une 
erreur de statistique et d’une erreur de raisonnement. Nous y reviendrons plus loin. 

Chez tous les Amphibiens la premiere l^vre blastoporale apparait en un point de 
I’entoblaste qui correspond au recessus hdpatique de la jeune neurula. C’est done 
tout I’entoblaste c^phalique qui franchira en premier lieu la 16 vre dorsale du blasto- 
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Fig. 4. Etapes de la gaatrulation et de la fonnation de la queue chez Trituna pyrrhogcuter (d’apr^ 
Nakamura, 1938, Idg&rement modifid). Ponctuation dense; chorde; punctuation claire: aomitea; 
diets: neuiectoblaate. 

pore pour constituer I’extrdmite antdrieure de I’archenteron. II est curieux de 
constater combien ce matdriel qui occupe peu de place k la surface de la blastula 
(cf. figs. I et 2) va s’dtirer pour constituer cette longue lame cellulaire allant du 
rdeessus hdpatique jusqu’au niveau de reztrdmitd antdrieure du systdme nerveux. 
Des recherches au cours desquelles des marques faites chez le Discoglosse ont pu 
dtre retrouvdes sur coupes microscopiques, ont montrd qu’une grosso part de ce 
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materiel entoblaatique de la tete doit provenir de la profondeur, de la zone avoisinant 
la partie dorsale du plancher du blastocoele (Pasteels, 1936 a). L’invagination suivant 
son cours, ce sera bientdt la “plaque pr^chordale” (materiel complexe comprenant 
de I’entoblaste dorsal et le m^soblaste median de la t&te) qui passera k son tour 
autour de la chamiferc blastoporale. Pendant ce temps, en dcssous de la 16 vre 
blastoporale, au niveau de son plancher, Ics cellules vitellines sonl elles aussi attirdes 
en avant en effectuant un mouvement de bascule, de fa^on que leurs surfaces libres 
viennent constituer le plancher de Parchent^ron. Nous en sommea k present k un 
stade repr^sentd sur la fig. 46. L*extr6mit^ ant^rieure de Parchent^ron est con- 
stitute; elle constitue un cul-de-sac continu de toute part (cf. fig. 3 a, d qui reprt- 
sentent un stade un peu plus avanct). 

Lorsque Pentoblaste ctphalique s’est ainsi invagint, Ptbauche chordale atteint 
4 son tour la Itvre dorsale du blastopore (fig. 46). A ce moment, la Itvre blastoporale 
s'est ttendue sur lea cotts (blastopore en faucille). Le mode d’invagination est dts 
ce moment un peu difftrent chez les Urodtles et chez les Anoures. Chez les 
premiers, nous avons vu que le sillon blastoporal suit, lattralement, en dehors du 
mattriel ctphalique, exactement la limite ento-mtsoblastique (cf. figs. 1 a et 2 a, b). 
Dts le dtbut de Pinvagination, il se passe k ce niveau me vSritahle rupture entre 
entoblaste et mSsoblaste. Les deux mattriaux, stparts par une veritable coupure vont 
suivre des chemins difitrents. L’entoblaste subit un mouvement de bascule d’avant 
en arritre de telle manitre que sa face primitivement superficielle vienne constituer 
le plancher de Parchenttron. En mtme temps, au niveau du blastopore, les deux 
Itvres qui se sont stpartes du mtsoblasle se redressent et vont ainsi par im mouve- 
ment progressif constituer les deux cretes que Pon voit sur les cdtts de Parchenttron 
(fig. 5). Nous voyons que cette demitre cavitt, qui 6tait close de toutes parts en 
avant, est done interrompue en arritre. La fig. 5 nous montre clairement que Pon 
passe du plancher vers les faces lattrales sans intermption, mais qu’enlre ces erttes 
entoblastiques lattrales et la vofite archenttrique constitute par la chorde existe 
une solution de continuitt. En effet, le mattriel chordal, sur la ligne mtdiane a 
suivi le prtchordal pour se placer done k la vofite archenttrique. Lattralement la 
plaque chordale se continue par un “manteau mtsoblastiquc” qui s’esl invagint en 
meme temps qu*elle, mais au niveau des Itvres blastoporales lattrales. Chose 
caraettristique, ce misohlaste rCest pas en rapport ctvec VarchentSron et ne Va jamais 
iti. Les bords du mtsoblaste aprts satire stparts de Pentoblaste franchissent le 
blastopore, mais au-dessus de lui. Ce mouvement se fait avec un certain retard par 
rapport k Pinvagination archenttrique. Celt se voit clairement sur les reconstruc- 
tions de la fig. 3 a, i, c oil Pon voit d’une part Pttendue de Parchenttron au stade 
de blastopore annulaire (a), de bouchon vitellin (6), de blastopore en fente (c). On 
y comprendra d’autre part la progression du manteau mtsoblastique qui s’efiectue 
avec un retard considtrable par rapport t Pinvagination archent6rique. Tenant 
compte de ce fait et du mode de constitution des parties lat^rales de Parchent^ron 
par les crates entoblastique, il est clair que le mdsoblaste, aprts avoir franchi le 
blastopore, va cheminer entre Ventoblaste et Vectoblaste (cf. fig. 5). Pour bien 
apprdmer son trajet, il faut tenir compte de sa topographic et de la ^ronologie de son 
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d^placement. Les cellules mesoblastiques qui se trouvent au contact du blastopore, 
au niveau de la rupture avec I’entoblaste, s’invagineront bien entendu avant celles 
qui se trouvent au-dessus d’elles; mais ce seront les 6Hments de la zone marginale 
profonde qui s’invagineront en tout premier lieu. Ils se trouvent aux avant-postes 
du manteau m&oblastique. Par ailleurs, I’invagination, qui commence dorsalement, 
se poursuit, progressivement sur les c6t^ pour n’apparaitre qu’en dernier lieu du 
c6t6 ventral. Ceci dit, si nous retoumons k la fig. 3 a, nous y voyons un manteau 
m^soblastique de forme triangulaire. Dorsalement et en avant, le mat^nel figure 
par de petits ovales figure le mdsoblaste prechordal en connexion plus ou moins 
etroite avec la voute archenterique; en arriere de lui se trouveront les premieres 
lames laterales; plus en dehors le materiel qui vient de s’invaginer et qui provient 
de la zone marginale interne, ira constituer le coeur. A un stade ulterieur (fig. 3 J), 
les somites anterieurs se sont invagines prfes de la ligne mediane, en mSme temps 
que les lames Istdrales moyennes qui ont fait suite au materiel cardiaque, tandis que 
ventralement I’invagination en est k son debut et conceme le materiel interne (sang). 



Fig. 5. Trois coupes aagittales passant par trois niveaux d’une jeune neurula de 
Pleurodil» (d’apr^ Vogt, 19390). 


Chez les Anoures le piincipe general est le mfime, k ime difference pr^s: la 
separation entre ento- et mesoblaste est tardive. Nous savons en effet que le sillon 
blastoporal ne separe pas ces deux ebauches mais qu’il apparait au sein mSme de 
I’entoblaste entre ce qui va constituer les crates laterales de Tarchenteron et son 
plancher. Ces crfites qui cachent le materiel des lames laterales vont s’invaginer en 
mfime temps que celles-ci dans un mouvement commun. La separation entre ento- 
et mesoblaste ne se fera qu’ii I’interieur du germe. 11 en resultera qu’on ne retrouvera 
pas id la dissociation chronologique entre la formation de I’archenteron et Tinvagi- 
nation du manteau mesoblastique. Comme on peut le voir sur la fig. ^d,e,f (k 
comparer avec a, b, c) chez les Anoures les deux vont de pair et Tinvagination du 
mesoblaste est done plus rapide et plus precoce que chez les Unodeies. Vogt a 
d’ailleurs note chez ces demiers qu’au moment de Tapparition de la plaque 
medullaire il n’y a qu’une dizaine de somites qui soient invagin^ et par consequent 
que toute la moitie posterieure du tronc et toute la queue doivent encore s’enfoncer 
en profondeur par le petit pertuis blastoporal; en revanche, chez les Anoures, tous 
les segments troncaux et meme une partie des elements caudaux (recherches 
personnelles inedites) sont k ce moment dej 4 en place. 
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Vogt a constat^ que les somites caudaux des Anoures sont invagin^s au moment 
oil le blastopore lin^aire se soude en sa partie mddiane pour se subdiviser en canal 
neurent6rique et anus. C’est au moment de cette soudure et par celle-ci que le 
materiel caudal s’enfonce en profondeur. Ces donnees son! ^ present confirmees et 
completees par des recherches personnclles qui seront publi6es sous peu. 

Chez les Urodfeles, Vogt croyait aussi, k I’encontre de Bijtel & Woerdeman(i928), 
que les somites troncaux posterieurs et caudaux s’invaginaient par les Uvres lat^rales 
de la fente blastoporale, en arriere de la plaque medullaire. Des travaux ulterieurs 
de Bijtel (1931, 1936) chez TAxolotl, de Nakamura chez Triturus pyrrhogaster sont 
venus donner raison aux auteurs neerlandais.^ Nous avons vu que les somites 
posterieurs constituent sur la bkstula de 1* Axolotl (cf. fig. 2 fl, b) de longues bandes 
obliques occupant toute la partie haute de la zone marginale, au-dessus et en dehors 
de la chorde. Ce materiel haut qui sera invagin^ en dernier lieu, se retrouve, apr^ 
convergence vers la ligne m^diane (cf. plus loin), ramass^ dans la partie post6rieure 
de la plaque mdduUaire naissante (fig. 4^). On y voit le bout de la chorde sur le 
point de s’enfoncer (pointing dense) et une zone m^soblastique (pointill6 mince) 
divis^e elle-mfime en deux regions par une ligne courbe. Celle-ci n’est que la limite 
d’invf^ination des figs, i, 2, et que Ton retrouve en la fig. 4a. Tout ce qui est en 
dessous de cette limite est troncal et s’invagine par la partie ant6rieure du blastopore 
(fig. 4 e). Quant au mdsoblaste caudal, il reste compris dans la plaque m^dullaire 
(fig. 4/) et passe mfime dans le tube m^duMre (fig. 4^). Mais k ce moment Texten- 
sion de la chorde vient replier la partie post^rieure du tube en deux ; une partie dorsale 
nerveuse, et une partie ventrale venant constituer les somites caudaux (fig. 4 g^ h). 
11 est vraiment curieux de constater que ce territoire somitique caudal situ6 sur la 
blastula k la limite de la zone marginale et du neurectoblaste semble litt6ralement 
hraiter entre ces deux destine et poss^de ime veritable dynamique de transition. 

Chez TAnoure Discoglosse, Wintrebert (1935) avait cm montrer que I’allonge- 
ment du bourgeon caudal serait dfi k un enfoncement transversal de matdriaux ii 
travers la plaque m^duUaire vers la vofite archent^rique sous-jacente (soi-disant; 
“ligne primitive”). Des observations resides inddites, faites au Laboratoire 
d’Embryologie de Bruxelles, que j’ai pfi contrdler et suivre de tres prds, n’ont pu 
verifier ces conclusions de Wintrebert. 

(2) Convergence-Extension. Ces deux mouvements peuvent difficilement .dtre 
dissocids Tun de Tautre. Nous avons vu en effet que les organes axiaux sont disposds 
en croissants transversaux k la surface de la blastula. Pour constituer I’axe em- 
bryonnaire ils devront subir un mouvement complexe d’dtirement antdro-postdrieur 
(extension) et de taasement latdral (convergence). Le fait est bien visible pour le 
croissant neurectoblastique, qui reste en surface (stades successifs de la fig. 4); nous 
comprendrons fadlement comment ce croissant dvolue progressivement en la 
raquette qui est constitude par la plaque mddullaire. Goerttler (1925) a ddcrit pour 
la premidte fois cette dvolution complexe sous le terme militaire de “ Schwenkung” 
(conversion). Cette combinaison de convergence-extension laisse subsister pendant 
toute 1* dvolution sur la ligne mddiane du matdriel qui s’y trouvait mddian depuis le 

^ Cf. Addendum, p. 206. 
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d6but. Ce materiel s^^tire au maximum. Nous avons li une difference radicale avec 
la concrescence de Eds qui supposait une fusion mediane de moities primitivement 
s^parees. 

Dans le materiel marginal, convergence et extension debutent en surface et se 
poursuivent en profondeur. C’est I’extension de la zone marginale ventrale qui va 
contribuer k amener du materiel vers le blastopore; tandis que la convergence va 
tasser la chorde vers la Ifevre dorsale (voir les figs, successives de 4); elle va d’autre 
part amener les somites vers la l^vre latdrale (cf. fig. 4). L’extension est une carac- 
teristique des mat6riaux medians (chorde), la convergence est le propre des 
mat6riaux param^dians (somites). L’une et I’autre sont d’autant plus accentu 4 es que 
les mat^riaux sont d’invagination plus tardive et plus p08t6rieur8 dans Tembryon 
(chorde postdrieure, somites caudaux). 

L’extension est surtout forte dans les phases tardives, post-gastruleennes. C’est 
k ce moment que la chorde vient faire saillie dans le bourgeon caudal (voir plus 
haut). On observe k ce stade un recul caract6ristique de la chorde par rapport aux 
somites qui s’^taient invagin^s en m^me temps qu’elle (Vogt). En profondeur, la 
convergence entraine le materiel somitique vers les flancs de la chorde. La combi- 
naison de I’invagination et de la convergence peut se traduire par les lignes spiroides 
des fig. 3 fl, b. II existe ^galement une convergence tardive qui, par un mouvement 
transversal va littdralement tasser le dos et fermer Thiatus entoblastique dorsal 
(fig. 5). Les crfites entoblastiques se reinvent de plus en plus, viennent au contact 
de la ^orde, semblant la d^primer en goutd^re (fig. 5 c). Des aspects tels que ceux 
de cette demise figure ont donnd lieu k I’inteipr^tation abusive d’une origine 
entoblastique de la chorde. Plus tard, les somites se tasseront davantage, pousseront 
sous la chorde des prolongements qui constitueront Thypochorde. La soudure des 
l^vres entoblastiques viendra enfin clore d^finitivement la cavitd digestive. On 
trouvera le detail de cette Evolution dans une note de Vogt (1929^) et surtout dans 
le mdmoire de son dlfeve Mayer (1931). 

Le materiel des lames lat^rales et surtout du cceur et du sang qui constitue le 
bord ant^rieur du manteau m^soblastique est refoul6 ventralement (fig. 3). C’est 
ce que Vogt appeUe la divergence ventrale. Notons que cette divergence est tardive 
et que la partie sup^rieure des lames lat^rales ainsi que la pi^ce intermddiaire, 
subissent une certaine convergence. 

(3) tpiboUe. L’enveloppement progressif du germe par I’ectoblaste n^CMsite 
une forte augmentation de surface. Au niveau de I’^piblaste, cette augmentation de 
surface se fait par un mouvement non polarise : une ipiboUe dans tous les sens. H est 
& noter cependant qu’au sein du neurectoblaste, une certaine ^ibolie se combine 
k I’extension-convergence que ce materiel subit au contact du chordo>m^blaste 
qui induit, “6voque” le systteie nerveux sus-jacent. 

(c) Les conclusions nouveUes apporties par Vogt 

(z) La correspondance ^entuelle des axes ovulaire et embiyonnaire est une 
question en partie mal pos6e. II existe bien dans la blastula un c 6 t 6 enti^rement 
dorsal et im cdt6 ventral et Vaxe dorso-ventral de I’ceuf correspond au m^e axe de 
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rembiyon. En revanche, nn axe c^phalo-caudal pour la blastula n’a aucun sens. 
Car pour d^finir “rextr^mit^” caudale de la blastula, il faudrait par exemple sur la 
fig. 2 prendre des territoires aussi h^t^roclites que la ligne supdrieure de la chorde, 
infdrieure du syst^me nerveux, tout le dernier somite, Tectoblaste caudal post^rieur 
(a:.^.), I’entoblaste caudal (g.). 

(2) La concrescence ne joue aucun role dans la morphogencse des Amphibiens, 
il n’y existe en aucune fa9on de soudure m^diane dc parties paires primitivement 
s6par^s. Les territoires m^dio-dorsaux de I’embryon ^taient deji medians d^s la 
blastula. 

(3) Tout aussi erron6e est la ihiorie coelomique de Hertwig. Le mdsoblaste ne se 
diveloppe pas de dedans en dehors k partir de la voute archent^rique, mais bien en 
direction oppos^e de dehors en dedans vers cette vodte. La soi-disant fente coelomique 
de Hertwig ne s^pare pas un ^16ment splanchniquc d’un dl^ment visceral mais bien 
I’ensemble du m^soblaste des crates entoblastiques. Le veritable coelome est 
d’apparition plus tardive et ne se creuse que dans les lames laterales qui n’ont jamais 
eu aucun rapport avec I’archent^ron. 

(4) La chorde n’est pas d’origine entoblastique mais est issue du chordom^- 
blaste marginal. 

(5) En ce qui conceme la thiorie de la gastraea^ Vogt est moins categorique. 
Evidemment, la gastrula des Amphibiens, tridermique d’embl^e ne satisfait pas le 
schema didermique de Haeckel; la paroi archent6rique n’est pas d’une venue, mais 
elle est complexe, composite, resultant d’une opposition secondaire d’^ldments 
h^terog^nes. Toutefois, Vogt propose de garder la notion de la gastraea didermique 
origmelle avec, comme correctif, une zone blastoporale donnantnaissance au chordo- 
m&oblaste. Ceci pour ^chapper k I’iventualite de faire d^river le feuillet moyen 
soit de I’entoblaste, soit de I’ectoblaste. Nous verrons plus loin ce qu’il faut en 
penser. 

(6) La notion de ciphalo- et notoginise^ les notions de croissance appositionneUe, 
de centres de croissance sont ^galement r6fut6es. D’avant en arrifere, dans tout 
I’embryon, lea organes primordiaux sont mis en place par les mcimcs mouvements 
morphog^n^tiques. 

2. T]&i0STiENS 

L’6tude de la gastnilation de I’oeuf tdoUcithique des T616ost6en8 prdsentait un 
gros intdrfet car c’est prdcis^ment k leur propos que His, et plus tard Kopsch, sous 
une autre forme (voir plus haut), ont voulu 4tablir la notion de concrescence. On 
auraitpu croire, k priori, que des ceufs fortement transformds par I’accumulation du 
vitellus auraient pu, peut-6tre, contrairement k ce qui se passe chez les Amphibiens, 
se d6velopper par concrescence. Il n’en est rien. Le plan des 6bauches et les 
mouvements morphogdn^tiques ont dt^ analyst chez la Truite (Pasteels, 1936^^; 
notes prdliminaires en 1933, 1934) et chez Fundulus (Oppenheimer, 1936). La fig. 6, 
qui conceme la Truite, nous montrera aisAment k quel point la simdlitude avec le 
plan et les mouvements des Amphibiens est frappante. Pour la comprehension de 
cette figure, notons qu’elle represente uniquement la partie embiyonnaire, et vue de 




Fig. 6. Dtolacements des territoires mouvements morphogfoftiques du 
v?de haut ae viteUua n’y est pas repitot6). Strica verticales 8eiT6«; prfichor^; 

«q>acte): neuitJctoHaste, un trait y indique la limite du cerveau; 

obUquaa: somites; ponctuation: lames latfedes; ea blanc: ectoblastc; flbches plemes. d^plaoements 
en surfece; fliches en tireta; d^lacements en ptofondeur. 
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haut, suppose ddtachde du vitellus insegmentd. La continuity avec celui-ci se fait 
par tout le pourtour du blastodisque, contour qui coincide avec le blastopore. 
Notons aussi que pour des raisons techniques, la partie caudale n’a pas pu Stre 
ytudi^e et qu’il n’est pas exclu que la zone somitique doive, comme chez les 
Amphibiens, se prolonger quelque peu au-dessus de I’ybauche chordale ; des re- 
cherches devraient etre reprises i ce propos chez une autre esp^ce. Enfin, I’ento- 
blaste qui occupe une zone mince recouvrant la partie basse de la zone marginale 
n’a pas ^t^ reprysente sur ces figures. 

Ces ryserves faites, on verra que les ybaucbes prysentent la meme configuration 
genytale, les memes rapports, que les mouvements morphogynytiques sont iden- 
tiques: invagination, conveigence, extension, ypibolie. II rCy a done pas de con- 
crescence chez Us TiUostiens. Quant k la nodosity terminale qui constitue I’extrymity 
posterieure de r“ycusson embryonnaire” et qui avait ety considyrye comme un 
centre de croissance par Kopsch (1904), elle n'est qu’un carrefour cellulaire: lieu 
de rencontre des yiyments qui s’invaginent, convergent et s’ytendent. La density 
mitotique n’y est pas plus grande que dans les organes primordiaux dyjk constitues 
dans les parties antyrieures de I’embryon. 

Et cependant que de differences dans les formes. N’insistons pas tant sur les 
rapports entre ecusson embryonnaire et masse vitelline insegmentye, secondaires, 
et variables d’lm Tyieostyen k I’autre, sdon la taille de leur masse vitelline. Mais 
que de diffyrences dans les aspects microscopiques. La partie axiale d’une gastrula 
ou d’une jeune neurula d’Amphibien semble en effet ordonnye autour de la cavity 
archentyrique. IVIais il serait vain de rechercher une telle cavity chez un Tyiyostyen. 
Sous les somites et la chorde, I’entoblaste est reprysenty par une mince couche 
cellulaire continue. Cette lame repose directement sur le vitellus. Pour autant qu’il 
existerait un archenteron, il ne pourrait Stre reprysenty que par une fente toute 
virtuelle, sise au-dessus ou en dessous de cette lame. Mais ni Tune ni I’autre in- 
terprytation ne serait vraiment satisfaisante, car I’embryon est solidaire du syncytium 
vitellin sur lequel il repose; d ’autre part, la fente syparant le chordomysoblaste de 
I’entoblaste ne communique d’aucune fa9on avec le blastopore. Nous voyons done 
que I’ceuf des Teleostyens gastrule d’une fa9on tr^s analogue de celle des Amphi- 
biens, mais sans qu’il y ait eu formation d\m archentyron. Soulignons ici un premier 
exemple montrant une trfes grande concordance dans la cinytique gastruiyenne et 
une trys grande discordance dans la morphologic de la gastrula dans deux ordres de 
Vertybrys. Discordance d ’autant phis grosse qu’elle conceme ce point nodal de la 
forme gastrula: I’archentyron. 


3. SyiACIENS 

Le mymoire de Vandebroek (1936, note pryiiminaire en 1935) est basy sur 
I’ytude de marques .coloiyes appHquyes k ScylUum canicula. La rypartition des 
ybauches sur le bhistodisque de la Roussette «t trfes semblable k celle de la Truite. 
Une diffyrence toutefois: tandis que ch^ les Tyiyostyens, comme chez les Amphi- 
biens, il existe une zone marginale annulaire et (xmtinue, chez ScyUiiim cette zone 



Gastrulation chez Us Chordis 77 

ne constitue qu’un croissant. II n’existe en effet ni m^blaste presomptif du cotd 
ventral du blastodisque, ni Ifrvre ventrale du blastopore chez cette esp^ce. Ventrale- 
ment, I’ectoblaste vient au contact direct de la marge vitelline. Ce caract^re n’est 
toutefois pas g^6ral chez les Selaciens. On sait en effet que dans d’autres espfeces, 
telles que Torpedo, il existe une l^vre ventrale du blastopore. 

Les mouvements morphogdn^tiques analyst par Vandebroek sont les mfimes 
que chez les Amphibiens et les T^l^ost^ens. Notons toutefois qu’entre la fin de 
rinvagination et le d^but de la forte extension antero-post^rieure, cet auteur note 
I’existence d’un temps d*arr€t. Enfin, on sait que chez les S 61 aclens, contrairement 
aux TO^osteens, il existe un archent^ron veritable. 

Dans ce memoire, Vandebroek se rallie k notre conception cindtique de la 
gastrulation. Toutefois, cet auteur propose de distinguer entre gastrulation et indi- 
viduation des organes axiaux: la gastrulation ne serait que “la mise en place de 
I’entoblaste sous Tectoblaste” (loc. cit. p. 530). Ceci nous parait avoir le d^aut 
d’&tre sch^matique, et surtout d’attacher trop d’importance ^ certains aspects 
didermiques de la gastrulation; ces aspects ne sont que purement contingents et 
n’ont, contrairement k ce que Ton a cm, aucune importance intrins^que (voir plus 
loin). 


4. Cyclostomes 

1926, Weissenberg posait des marques colordes sur Toeuf de Lampetra. Ces 
marques au bnm Bismarck ont pu ult&ieurement (1929) etre conservdes sur coupes. 
On trouvera dans les quatre m&noires de 1933, 1934, 1936 de cet auteur les 
r^sxiltats de cette investigation. D’apr^ ces travaux, le plan des dbauches mon- 
trerait un chordom^blaste ramass^ tout entier dans le secteur dorsal de I’ceuf; 
ventralement, Tectoblaste viendrait au contact de I’entoblaste. D’autre part la 
cindtique gastruldenne serait des plus simples; une convergence de tous les 
matdriaux se centrant sur un petit orifice blastoporal pour constituer un canal 
archentdrique dtroit et continu i la suite d’une invagination “en doigt de gant”. 
Ultdrieurement cette paroi archentdrique se scinde en composantes: chorde, mdso- 
blaste, entoblaste. Weissenberg (1933) en conclut que le chordomdsoblaste est done 
chez Lampetra un “ echter Urdarmabkdmmling” {Joe. cit. p. 408). Chez ce Vertdbrd 
primitif, le mdsoblaste serait done d’oiigine “gastrale”, et le type entdrocoelique de 
la formation du chordomdsoblaste pourrait done toujours dtre considdrd comme 
primitif, tandis que le mode de gastrulation des Amphibiens — surtout des Uroddles 
— serait secondaire. 

Cependant, il apparait bien que I’dtude de Weissenberg ne repose que sur des 
documents partiels, portant sur le ddbut d’une gastrulation qui se poursuit bien au 
delk de Tapparition de la plaque mdduUaire (cf. Pasteels, 1939c). Il existe, fait que 
Weissenberg a compldtement ndgligd, une Idvre ventrale chez Lampetra comme 
I’avaient ddjk montrd sur coupes Hatta (1891 et 1907) et de Sdlys-Longchamps 
(1910). J’ai pu me convaincre rdeemment du fait que la gastrulation de Lartpetra 
ne diffdre de celle des Amphibiens que par la chronologie. Il y existe, comme chez 
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les Amphibiens, un anneau marginal chordom^oblastique continu. Je ne puis, 
faute de documents sufEsants, pr^enter un plan des 6bauches de la jeune gastrula 
pouvant remplacer la version, certainement inexacte, de Weissenberg. Mais la fig. 7 
nous montre le plan de la jeune neurula. L ceuf y est vu de profil (a), de haut (6) et 
de Tarrifere (c). On y verra tout autour du blastopore \m anneau chordom^so- 
blastique continu, se composant de chorde (pointilles) en avant, de somites sur les 
c6tes, de mdsoblaste ventral (tirets) en arri^re. Les mouvements de convergence, 
d’extension et d’invagination y sont reprdsentds par des flfeches pleines en surface, 
pointilldes en profondeur. L’invagination du m^soblaste ventral qui se r 4 fl 6 chit 



Fig. 7. Plan des ibauches et mouvements morphog&iitiques au stade plaque m^dullaire chez 
Lam^tra PUmeri. a. Profil; b. vue de haut; c. vue postdrieure. Fldches pleines: mouvements en 
surC^; fiiches pointilldes: mouvements en profondeur (chordomdsobla^e invagind). Pointilld: 
chorde; traits parties; somites; tirets: mdsoblaste ventral. 


entre Tectoblaste et I’entoblaste Tie dibute gu^d ce stade, et c’est sans doute la raison 
pour laquelle cette Ifevre ventrale a echapp^ k Weissenberg. Remarquons la quantity 
considerable de mat^el qui doit encore s’invaginer, malgr6 Tapparition de la 
plaque m^duUaire: aux abords imm^diats du blastopore nous trouvons encore en 
surface le i5kme somite, or le tronc de TAmnockte en posskde plus de 75. Cette 
gastrulation se poursuit d’ailleuxs bien plus tard et ne se termine que lorsque le tube 
neural, fermd depuis longtemps, s’est considdrablement allongd et que les v^icules 
oculaires sont ddjk apparues. A ce point de vue, la gastrulation de Lampetra res- 
semble fortement k celle des Td^t^ens, chez lesquels nous voyons aussi (fig. 6) la 
parde ant^eure du corps prendre forme alors que la majeure partie du corps 
embiyonnaire est encore en voie d’invagmation. Il est d’ailleurs remarquable de 
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voir que chez Bdellostoma^ ce Cyclostome k oeufs meroblastiques, les aspects de la 
gastrulation publics par Bashford Dean (1899) ressemblent de fa9on ^tonnante k 
ceux de la Tniite. La raison nous en parait simple: tant les T 61 eost 6 ens que les 
Cyclostomes ontun corps pisciforme, c*est-^l-dire tr^s allongd, knombre considerable 
de segments. 

Les deux points principaux qui meritent d’etre releves, du point du vue general, 
sont les suivants. (a) La cinetique gastruieenne est la mSme que chez les Amphibiens 
et n’en differe que par la chronologie; cette simple discordance chronologique 
entraine toutefois de grandes differences dans les formes gastruieennes: chez les 
Amphibiens, la progression de l^invagination dans le sens dorso-ventral est rapide 
et se fait avant que la masse vitelline ne soit englobee; le blastopore sera dilate par 
un “bouchon vitellin”; chez les Petromyzontes, cette progression est lente; au 
moment ou la Ikvre ventrale se constitue, le vitellus a ddjk basculd dans le plancher 
archenterique; le blastopore reste toujours petit. Chez les Amphibiens, dks le 
d^but de la gastrulation, du moins apr^ I’invagination des matdriaux c^phaliques, 
il existe un “manteau m^soblastique” (cf. fig. 3) en grande partie distinct de la 
cavite archenterique. Chez les Pdtromyzontes, ce manteau n’est que d’apparition 
plus tardive, (b) II n’en est pas moins vrai que ce manteau existe chez les P6tro- 
myzontes, qu’une partie du m^soblaste n’est ou n’a jamais ^t6 en rapport avec la 
cavit^ archenterique, et comme le chordomesoblaste constitue manifestement un 
tout indissociable, la conception enUrocoeUque n^est done pas appUcable aux Cyckh 
stomes. La formation blastoporale^ ^^pdristotnale'**, du misohlaste, telle que Va ddcrite 
Vogt (1929 a) cheg les Amphibiens est une rigle ghiraUy applicable d torn les Vertdbrds, 
mime les plus primitifs. 


5. PROCHORDfe 

La gastrulation de I’Amphioxus est d’un int^ret primordial. En effet, elle a 
toujours ete consideree comme rdalisant par excellence le type de la gastraea ; d’ autre 
part, entre toutes les gastrulas de Chordes, elle est la seule oil I’on puisse observer 
des aspects 6vidents d’enteroccelie. II semble bien toutefois que les premieres Etudes 
en aient 6t^ assez superficielles, car le m 4 moire de Conklin est apparu en 1932 comme 
une veritable rw^ation. Les observations minutieuses de cet auteur, et sa longue 
pratique du “cell-lineage” ont pu d^montrer que le mode de gastrulation de 
I’Amphioxus est, k part le degre de cellularisation du germe, presque identique k 
celui de ces autres Prochord^ que sont les Ascidies. 

La gastrulation des Ascidies qui avait ddjk fait I’objet des travaux classiques 
de Conklin (1905) a 6 te reprise r^mment par Vandebroek, utilisant chez 
Ascidiella^ deux m^thodes: les marques color^es et le d^placement des blastomkres 
greffis en diverses combinaisons. Le plan de Vandebroek concemant le stade VIII 
— et qui se subira plus de modifications jusqu’k la gastrulation — est reproduit sur la 
fig. 8 c, Nous y voyons trois croissants caract^ristiques: neural et chordal du cdte 


’ Ces travaux sont actuellement en voie de publication; les risultats m’en ont 6t£ communique 
de \ 4 ve voix par mon collie et ami, le Dr G. Vandebroek, que je tiena k remerder bien vivement. 
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dorsal, et mesoblastique du cbth ventral. Notons ce point important: alors que chez 
les Vertebras, la zone marginale chordo-m^oblastique est continue, chez Ascidtella, 
la zone marginale est discontinue, se composant d’un croissant chordal dorsal, d’un 
croissant mesoblastique ventral, sans aticun contact entre les deux. La dnetique 
gastrul6enne, grace auxdeuxmdthodes employees par Vandebroek, a pu Stre analysee 
dans ses momdres details. U est k souligner que ces observations compl^tent et pre- 
cisent,mais n’infirmenten aucune mani^re les r^ultats du “cell-lineage” de Con^. 
L’invagination est brutale et se rdalisera parun v6ritable aplatissement de la blastula 
en une “placula”. Le pli de separation entre le feuillet exteme et le feuillet interne 
apparaitdonc de fa 9 on tr^s precoce. Onobserveensuiteune convergence demateriaux 
ectoblastiques du cote dor^ produisant une inflexion en crochet, au niveau de la 
partie dorsale du germe. La progression de Tepibolie du feuillet exteme, se com- 
binant a la convergence dorsale, va fermer progressivement le blastopore, primidve- 



Fig. 8. Coupe optique (<2) d’une blastula, {b) d’une gastrula d’Amphioscus, d*apr^ Conklin (1932). 
ch. chorde; ent. entoblaste; mis. m^blaste. (f) Plan des ^bauches de I’ccuf d'AsadteUa, au stade VIII 
blastom&res d’apria G. Vandebroek (in Dalcq, 1938&). ant. anttoeur; post, post^eur; n. neurecto> 
blaste; c. cborde; eni. entoblaste; .If. myoblastes; m. mdsenchyme; ip. dpiblaste. 



mentb^t. Dorsalement, la convergence s’accentue et se combine k un mouvement 
d*extension, apparaissant d’abord dans le materiel ectoblastique, puis dans le materiel 
chordal. Cette extension contribue k constituer le dos et k reporter le blastopore vers 
ranifere. Pendant ce temps, le materiel profond, comme on le verra sur la fig. 86 
concemant I’Amphioxus (Conklin), se met en place. Tandis que la plaque ento- 
blastique, compos^e de grosses cellules, s’applique sur le fond du blastocoele, le 
croissant m^blastique (petites cellules rondes, mds.) qui se trouvait au rebord 
ventro-lateral du blastopore, se replie de telle fa^on que ses deux bras viennent se 
placer paralHement et constituer les deux “gouttiferes mteoblastiques” au niveau 
de la vofite archent^rique; c’est entre ces goutti^res m^blastiques que viennent 
s*intercaler les cellules chordales qui, k la suite du mouvement d’extension-con- 
vergence, viennent se disposer en file linkaire. 

Deux conclusions nous paraissent devoir dtre relev^. 

(a) A certains ^gards, la cinktique gastrul6enne eat trfes semblable k celle des 
Vert6br&. Nous y retrouvons rmvagination, P^pibolie, I’extension et la con- 
vergence. La mise en place de la chorde et la formation du systkme nerveux sont 
directement homologables aux m&nes processus des Vert^br&. Notona cependant 
une grosse difference dans le compoiimLent du mesoblaste. Nous avons vu en efifet 
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que, chez les Vert6br&, le m&oblaste somitique se trouve plac6, dfes le d6but du 
d^eloppement, sur les flancs de l’6bauche chordale, et que sa cin^tique est, 
quoiqu’^ un moindre degr^, analogue k celle de la chorde. On peut affirmer, et 
toutes les investigations exp^rimentales le prouvent d’ailleurs, que les somites des 
Vert^br^s constituent une sorte de “parachorde”, faisant partie du meme syst^me 
que la chorde et n*en differant vraisemblablement que par des variations quanti- 
tatives. Or, chez les Ascidies, nous voyons qu’il existe dw la blastula un croissant 
m^soblastique ventral^ autonome. De par cette situation ventro-latdrale d’embl^e, 
le m&oblaste vient se ranger directement sur les flancs de la chorde, sans devoir 
conveiger. D’ailleurs, les experiences d’isolement et de translocations de blasto- 
m^res de Vandebroek montrent que ce materiel mesoblastique possede un tres 
grand pouvoir d’extension, mais auam pouvoir de convergence. On a nettement 
rimpression, que Tanalyse de Toeuf insegmente telle que Ta realisee Dalcq(i938fl) par 
ses experiences de merogonie ne peut que mnforcer, que le croissant mesoblastique 
des Prochordes n’a pas d’ equivalent reel chez les Vertebres, oil il aurait pu etre 
remplace par un autre mesoblaste dependant du systeme chordal. 

(6) A mon avis, tant les travaux de Conklin que ceux de Vandebroek permettent 
de conclure que, mSme chez les Prochordes, renteroccslie n*a aucune valeur reeUe. 
II n’est en eflet plus possible d’affirmer qu’il existe k un moment donne une goutdere 
chordale et des poches ccelomiques, qui se detacheraient secondairement d’un 
archenteron continu: des la blastula, on peut, comme on le voit bien sur la fig. 8 a 
concemant I’Amphioxus (d’apres Conklin), distinguer dejk par la taille, la disposi- 
tion, la colorabilite des cellules, les zones chordale, mesoblastique, enterique. Les 
isolements de blastomeres realises par Vandebroek predsent que ces territoires 
possedent des le stade VIII des potentialites diflerentes et autonomes. Le “feuillet” 
profond du stade didermique des Prochordes est en realite une mosaique, un assem- 
blage provisoire d’eiements differencies dejk au momentoh ils viennent constituerpro- 
visoirement une partie du revStement archenterique. S’il existe un stade didermique 
chez les Prochordes, ce n’est non pas en souvenir d’une gastraea ancestrale bien 
hypothetique, mais parce que la disposition bien simple de la blastula unicellulaire, 
fadlite I’invagination d’embiee de tons les elements profonds, si differents soient-ils. 

6. Reptiles 

Les travaux classiques laissaient supposer qu’il doit exister chez les Reptiles 
un t3q)e de gastrulation intermediaire entre celui des Vertebres inferieurs et des 
Amniotes homeothermes, car on y decrivait ^ la fois un blastopore aboufissant k un 
canal “archenterique” et ime “plaque” ou une “ligne primitive”. II etaittoutefois 
difficile de comprendre comment ces deux formations se combinaient et quels 
etaient leurs rdles respectifs dans I’ensemble de la gastrulation; d’autre part, pour 
montrer k quel point I’etude des seul^ coupes seriees rendait la gastrula des 
Reptiles difficile k interpreter, il suffira de rappeler que les auteurs ne s’accordaient 
mgme pas sur I’emplacement qu’il faut assigner k la Ifevre ventrale du blastopore, 
ni sur la valeur du canal soi-di^t “archenterique”. 
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La combinaison de I’^tude microscopique et des marques color6es sur I’ceuf 
'vivant a possible chez une Tortue, Clemmys leprosa Schw., en r^coltant les 
oeufs dans les conduits matemels (Pasteels, i 937 ‘*)‘ 

Un des probltoies les plus discut^ est celui de I’origine de Tentoblaste. On sait 
en effet que, chez les Reptiles comme chez tous les Amniotes, il se forme d’abord dans 
la partie embryonnaire du germe deux feuillets primaires et ce n’est qu’ensuite que 
le chordom&oblaste issu du feuillet superficiel se met en place. Au stade de la 
formation de Tembryon didermique, il n’est pas encore possible d’appliquer des 
marques colorees chez Clemmys, mais heureusement les images microscopiques y 
sont exceptionnellement claires.^ 

La partie segment^ (blastodisque) de Toeuf de Clemmys s’^tale quelque temps 
avant la gastrulation, en une couche pratiquement unicellulaire appliqu^e intime- 
ment sur la surface du vitellus. Ce n’est que de-ci de-Ui que Ton trouve quelques 
cellules ^parses en profondeur. Au centre de ce blastoderme ^tal6 se diff^rencie 
I’aire embryonnaire (ovales p^riph^riques de la fig. 9). La majeure partie des cellules, 
jusqu’ici aplaties, y devieiment cylindriques (ovales internes de la fig. 9) ; en m^me 
temps, une liqu^fection du vitellus sous-jacent cr6e la “caviti sous-germinale”. 
Vers rextr6mit^ post 4 rieure de Taire embryonnaire, mais d Vintirieur de celle-ci, 
c’est-i-dire k la limite post6rieure de r“^cus8on’* h cellules hautes (cf. fig. 9^!), 
apparait un sillon blastoporal arciforme. Des coupes longitudinales y montrent une 
invagination trfes active de cellules qui se portent vers I’avant, pour y constituer le 
feuillet profond. Dans celui-ci sont aussi englob^es les quelques cellules qui se 
trouvaient d^ji en profondeur. Il est totalement exclu que celles-ci puissent con- 
stituer la source exdusive, voire prindpale, de Tentoblaste; elles sont beaucoup trop 
rares et ne montrent par ailleurs pas de mitoses. Au niveau du blastopore on assiste 
dgalement ^ une invagination vers Tarri^re: les cellules s’y accumulent dans I’amas 
dit de la plaque “primitive”, mais qu’il vaut mieux qualifier de plaque blastoporale. 
Get amas constitue xme sorte de r^rve d’ofi sont issues les cellules entoblastiques 
de la partie post^rieure de I’embryon. C’est d’ ailleurs au sein de cet amas que 
Risley (1933) a not6 Torigine des gonocytes primordiaux chez la Tortue Stemotherus. 
Notons en passant un rapprochement qui m^rite d’etre signal^ : chez les Amphibiens 
Anoures, Bounoure (1934) a d^celd la pr&ence d’un “determinant genital” au 
centre de la masse entoblastique vitelline; ce plasme spedalement colorable va, au 
oours de la segmentation, se loger au plancher du blastoccele; les cellules qui le 
contiennent deviennent gonocytes primordiaux. 

On ne s*accorde toutefois pas k deciire la formation de I’entoblaste de la meme 
fagon chez les autres Reptiles. La plupart des auteurs y ont vu une ddamination, 
e’est-k-dire une separation sur place des elements superfidels et profonds issus de 
la segmentation par creusement d'interstices intercellulaires se reunissant pro- 
gr^sivement. C’est une telle these que defend actuellement Peter (1934 e, 1935, 
^ 93 ^ 8® basant sur des preparations de Lezard et de Cameieon. Comme 

le montre surtout son dernier memoire, il existe incontestablement chez ces 

' Fsute de place, jo n’ai pu y consacter Tillustration nicessaire pour emporter la conviction 
ae n i b lc-t-il (ct Peter, 1938 c). C^e lacune scan ocanblfe dans un m&noire ult^iieur. 
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esp^ces une d^lamination sdparant k un moment donn6 un feuillet superficiel 
d’un feuillet profond. Mais s’agit-il de la formation de tout Tentoblaste ? Nous 
nous permettons d’en douter. Ce regroupement cellulaire ne serait-il pas plutot 
I’analogue d’une sorte de blastuladon et la gastrulation proprement dite ne com- 
mencerait-elle pas par I’invagination de cellules e?itoblastiques au niveau du 



Fig. 9. Sch&iia des mouvements cellulaires de la gastrulation de Clemmys leprosa. Tirets : aire extra- 
einbryonnaire. Dt et D, sont supposes vues en perspective 45^ par la tranche de section saghtale ; 
les autres figures sont vues de haut. Fltehes pleines: mouvements en sur&ce; filches en diets: 
mouvements dans un premier plan profond; fltehes ponctuies: mouvements dans un second plan 
profond. 


blastopore. Celles-ci viendraient se mMer au feuillet vitellin sous-jacent et con- 
stituer peut-fitre la partie axiale, embryonnaire proprement dite de I’entoblaste, 
Cette supposition est fonnellement contredite, il est vrai, par Peter qui croit que la 
masse cellulaire issue du blastopore reste absolument distincte de I’^entoblaste” 
issu de la d61aminatbn. Mais sur ce point, la demonstration de I’auteur allemand 

6-3 
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ne me parait pas convamcante et il me parait bien difficile de devoir admettre que 
la formation de I’entoblaste serait de nature diff^rente chez les divers Reptiles. La 
question m^rite de toute fa9on nouvel examen. 

Pour revenir k la Tortue, quand le stade didermique s’est constitu^, on voit le 
blastopore de\emr plus etroit. Les matdnaux situds tout autour de lui y convergent 
(fig. gB), puis s’y invaginent (fig. 9 C) pour constituer un canal chordo-misohlastique 
(c archenterique ou blastoporal des auteurs). Dfes ce stade, les mouvements cellu- 
laires ont pu etre suivis par des marques colordes. Convergence et invagination 
continuent au fur et k mesure que le caiud s’allonge. La paroi sup^rieure du canal 
sera constitu6e par des matdnaux situ^ pnmitivement en avant du blastopore; 
aprfes s’6tre rdfl6chis dans la vofite du canal (fig. 9 C, Da), ils vont constituer la chorde ; 
ses parois lat^rales qui vont former les somites (voir plus loin) proviennent de 
matenaux situ^ primitivement sur les c6t6s du blastopore; son plancher derive des 
mat^riaux posterieurs et post4ro-lat6raux qui franchissent le talus blastoporal 
post^rieur. 

A premikre vue, on serait tente d’attribuer k ce plancher une valeur entoblastique 
en consid^rant le canal comme un veritable archentdron. Mais une telle interpreta- 
tion doit etre deliberement rejet^e: le canal est tapiss^ de toutes parts de chordo- 
mesoblaste; son plancher n’est pas entoblastique mais mesoblastique. En effet, sur 
coupes sagittales, on verra que les cellules posterieures qui franchissent le versant 
posterieur (Ikvre ventrale) du blastopore, aprks avoir circuie quelque temps dans le 
plancher de la partie posterieure du canal, se reflechissent vers I’arrikre pour con- 
stituer du mesoblaste extra-embryonnaire (fig. 9 C, D3). De mfime, des coupes trans- 
versales, comme nous les voyons sur la fig. 10, nous montreront que les cellules du 
plancher du canal ^migrent ^ers les cdtds pour constituer la partie la plus laterals 
du misoblaste (extra-embryonnaire et lames lat^rales). Ces coupes proviennent du 
m&ne embryon et s’^tagent d’arrikre en avant; la morphog^kse progressant 
d'avant en arrikre, elles repr^sentent done des aspects de plus en plus avanc^. 
Sur la fig. loanous voyons le canal completdontles parois sont comprises entre lehaut 
^pith^lium ectoblastique et le mince feuillet, endoth^liforme, mais continu, ento- 
blastique; en 106 nous apercevons une migration intense des cellules du plancher 
vers les c6tes, aboutissant k un amincissement trks accentu^ de ce plancher; en ii 
nous vojrons que ses deux Ikvres laterales elles-m&nes se sont appliqudes sous les 
parties laterales de I’ectoblaste. 

L’entoblaste constituait un feuillet mince mais continu au-dessus duquel le 
canal est venu s’insinuer. La migration latdrale des cellules m^soblastiques du 
plancher semble diver ce feuillet mince, et de fait, plus tard, au moment de la 
s^aration des organes primordiaux, on retrouve un feuillet entoblastique uni- 
cellulaire, fendu sur la ligne m^diane et se terminant par deux bords fibres au niveau 
de la chorde. La disposition typique de la vofite archenterique est done realisee par 
un processus secondaire. II est impossible d’affirmer que I’entoblaste ddfinitif pro- 
vieime luuquement du feuillet entoblastique primaiie et que certains elements du 
plancher du canal ne s’y soient pas ajoutes. Cette demikre ^entuafite reste possible, 
mais il est bien certain que cette participation du plancher du eand k I’enteblaste ne 
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pourrait fetre que trfe r6duite; on voit en effet passer la grosse masse de ces elements 
du plancher dans le m6soblaste lateral. 

Les mouvements morphog6n6tiques, k ces stades dejk avanc^s de la gastrulation, 
seront schematises sur la fig 9/). On y represente des gastrulas supposees coupees 
sagittalement. La premiere est posee k plat, et montre les formes exteneures, et 
in^que en fleches pleines les mouvements du feuiUet superficiel. Les deu^ autnes 
sont supposees vues en perspective, la face superieure et la tranche de section etant 
vues e 45°. Sur cette section, on apercevra la lumiere du canal chordo-mesoblastique ; 
en pointilie est indiquee la hmite anterieure de son plancher en voie d’epanouisse- 



Fig. 10. Quatre coupes transversales passant par quatre mveaut, s’etageant d’amire en avant d’un 
mSme embryon de Clemmys leprosa. 


ment; un trait curviligne, concave en dehors et rejoignant le blastopore, indique la 
limite laterale de la lumiere du canal; le trait sinueux suit (d’apres une reconstruc- 
tion graphique) la marge peripherique du mesoblaste lateral et extra-embryonnaire. 
Les fleches en tirets indiquent les mouvements cellulaires dans le second plan cellu- 
laire — done soit dans le plafond du canal ou dans le mesoblaste lateral; les fleches 
pointiliees figurent les mouvements dans le troisieme plan cellulaire: le plancher du 
canal. Nous assistons done k des mouvements dUnvaginalion, de convergence 
dorsakf de divergence ventrale; aussi k des mouvements extension; ceux-d sont 
toutefois surtout accentues au moment de Teiongation de I’embryon qui coincide 
avec Tapparition de la plaque m6dullaiie. 
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Cette revue de la gastrulation d’un Reptile nous permet les conclusions 
suivantes : 

(1) Les mouvements morphog6n6tiques sont les monies que chez les Amphi- 
biens, leur chronologic est un peu diflFerente toutefois: Tinvagination de I’ensemble 
de I’entoblaste y est plus prdcoce; Pinvagination du chordom^soblaste n’est pas 
progressive, mais synchrone ; I’extension est plus tardive. 

(2) Contrairement k ce qu’avait cm O. Hertwig (1906) d’apris les donn^es de 
son ^ 16 ve Gerhardt (1901) sur la Couleuvre, il n’y a pas d’ent^rocoelie chez les 
Reptiles. Les “poches ccelomiques” ne sont que les parties lat6rales du canal 
chordom^soblastique, deprim6 en son milieu par la saillie chordale; replis tem- 
poraires disparaissant au moment de la perforation et de P^talement du plancher, 
ils n’ont aucun rapport avec le coelome veritable. 

(3) Une fois de plus, malgr^ la trfes grande similitude de la cin^tique, les formes 
gasti^6ennes se montrent irr^ductibles les unes aux autres: le canal con8titu6 par 
Tinvagination des cellules au niveau du blastopore n’est pas — malgrd toutes les 
apparences — ^un archent^ron veritable, puisqu’il est tapissd de toutes parts de 
chordom^soblaste et que sa lumi^re n’est done en rien archentdrique. 

(4) C’est sur la foi aussi de formes et d’aspects, que Ton avait cm devoir dicrire 
une “plaque primitive’*, m6me une “lipie primitive’’ chez les Reptiles. Or, cette 
forme particuH^re de blastopore k laquelle on doit r^server ce nom est sp6ciale aux 
Oiseaux et aux Mammif^res et n’existe pas chez les Reptiles. 

(5) Tandis que chez les Anamniotes, on pouvait suivre des marques color6es 
depuis la blastuk jusqu’il la morphogdn^ primordiale et 6tablir un veritable plan 
des 6bauches, chez les Reptiles, cette operation n’est plus possible. Les marques 
sont trap fiigaces et ne peuvent indiquer que la direction des mouvements cellu- 
laires. Mais connaissant le point de depart des mat^riaux, leurs directions, et leur 
lieu d’arriv^e, on peut assez facilement dresser un schdma des 6bauches montrant 
leur disposition gen^rale, sans cependant que leurs contours puissent Stre traces 
avec exactitude. Ce sch<Sma, pour I’embryon didermique des Reptiles, est trhs 
analogue ^ celui qui conceme les Oiseaux au m&ne stade et qui est repr6aent6 sur 
la hg. zz A. Les rapports g^n^raux des croissants neural, chordal, la disposition des 
somites y sont les m&nes que chez les Anamniotes. Mais une grosse diif6rence 
apparait en ce qui conceme la disposition du blastopore. Chez un Ananmiote 
m^roblastique, tel qu’un T^Wost^n ou im Sdladen, le blastopore suit les contours 
du blastodisque et se trouve done i la mai^e qui le s^are du vitellus insegmentd. 
Tandis que sur la fig. zz A nous voyons que la zone blastoporale qui se trouve au 
centre du m^blaste (imm^diatement en arrifere de la zone quadrill6e repr&entant 
le mesoblaste c^phalique) est d Vintirieur de Voire embryonnaire. Cette aire est 
entour^ d’ectoblaste extra-embryoimaire (en hachures sur la figure): c’est celui-d 
qui se trouve & la marge du blastodisque et du vitellus. 

(6) Au point de vue cinitique, cette difference est importante. Car, en effet, 
chez un Tdeosteen, la masse vitelline est englobee progressivement par le blasto- 
pore: gastrulation et enveloppement du vitellus n’y font qu’un. Mais chez un 
Amniote, le blastopore n’intervient en rien dans le processus; c’est le bord d’enve- 
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loppement ectoblastique qui enfouit le vitellns. Cette 6pibolie ectoblastique se fait 
independamment des autres mouvements gastruldens. Aussi I’enveloppement du 
ntellus peut etre r^alia^ dfes le tout d^but de la gastmlation, comme chez le 
Cam^ldon (Peter, 19346), ou bien encore comme c’est souvent le cas, bien apr^s. Les 
rapports de cette epibolie extra-embryonnaire et de la formation de I’amnios ont 6 t 6 
envisages par Dalcq (1937, 19386). 





Fig. II. Flan dea dbeuches (A, B, C, D, E) et mouvements oellulaires (a, h, e, d , «} de stades cone- 
spondants du d^reloppement du Poulet. L'aire eztra-embiyonnaire eat vue de ^ut. Tiiets: aire 
eztta-embryonnaire. Dans les figs. C, D, et E, le feuiUet supeificiel eat suppoad enlev6 dans la inoiti£ 
dioite. FB^es pleinea: mouvements simultan^ de toutes les parties du germe; filches en tixets: 
mouvements morphogdn^ques pioprea & Tectophylle. Hachures verdcales : neutectoblaste ; hachures 
hoiizontales: chorde; grillage: pr^ordal; atnes obliques: somites; pointiUd; mdsoblaate ventral et 
extra-embryonnaire. 


7. OlSEAUX ET MaMMIF^RES 

La gastrulation des Oiseaux et des Mammifires peut etre envisag^e simultand- 
ment. A vrai dire ce n’est que chez les Oiseaux que la technique des marques 
color^es a pu apporter des documents nouveaux. Mais certains Mammif^res 
gastrulent exactement comme les Oiseaux; I’exemple le plus frappant est la Pore, 
si bien 6tudi6 par les reproductions graphiques de Streeter (1927). D^autres, comme 
les Monotr^mes, ont une gastrulation purement reptilienne. La plupart, et ici le 
besoin des marques colordes se fait encore sentir, pr^ntent un type interm^aire 
entre Reptiles et Oiseaux, poss^dant h la fois un canal “blastoporal** et une ligne 
primitive (en ce qui conceme les travaux r6cents, cf. Hamilton, 1937; JoUy & 
F6rester-Tadid; 1936). 

(i) La formation de Pembryon didermique est moins claire encore que chez lea 
Reptiles. D’aprfes la plupart des auteum, I’entoblaste primaire r^sulterait d’une 
simple d^lamination. En 1909 parait le m6noire de Patterson dans lequel cet 
auteur 6tudie de tr6s jeunes oeufe de Pigeon, pr^ev& dans les conduits matemels, 
mais d’dge connu gilce une particularity de la ponte chez cet Oiseau. Cette ytude, 
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abondamment illustree, semble impeccable et vient donner vigueur nouvelle k la 
th^se ancienne de M. Duval: Tentoblaste se constituerait par enroulement k la 
marge post6rieure du blastodisque. Mais une contribution remarquable due 
r^cemment k Peter (1938c) a permis k cet auteur de d^ontrer que la conception de 
Patterson est entierement erronde. Pour reprendre la forte mais juste parole de 
Peter (1938 c, p. 447): “Sie ist zu verwerfen, und soil aus dem Schriftum ver- 
schwinden.” 

En 1935 Mehrbach, dlfeve de Graper, d^crit k la surface du blastoderme non 
incub6 et color6 pr^alablement au rouge neutre des plis irr^guliers (aspects de 
“chagrin”). Au fond de ces plis, diss^min^s sur tout le blastoderme, mais plus 
nombreux dans sa partie post^rieure, des cellules Isoldes quitteraient le feuillet 
superficiel pour venir constituer peu ^ peu le feuillet profond. Pour ma part, 
constatant sur des oeufs fixds au ddbut de Tincubation de ces images de “poly- 
invagination” (cf. Pasteels, 1937^: fig. 4, p. 399), je me croyais en droit de con- 
firmer rinterprdtation de Mehrbach. J’avais tort. Ces images d’enfouissement de 
quelques cellules de la superficie vers le feuillet profond ne concement que les 
stades tardifs de la formation de I’entoblaste, ceux que Pon observe sur des ceufs non 
incubes mais rdcoltds sans precautions spdciales. Dans ces conditions, la grosse 
partie de Tentoblaste primaire est ddjk formde. Mon erreur dtait de supposer que la 
“polyinvagination ” observde ce moment n’dtait que la continuation d’un prccessus 
debutant beaucoup plus t6t. 

Les deux memoires rdcents de Peter (1938 b, c) ont mis les choses au point. 
Fixant des ceufs de Poule au sortir du nid, ou recoltant des oeufs de Pigeon dans les 
voies matemelles, utilisant tant I’etude des coupes que les marques colorees, cet 
auteur montre de fa^on indubitable que I’embryon didermique des Oiseaux se 
forme par deamination: de petits espaces intercellulaires qui bientdt confluent, 
s^parent peu i peu la couche profonde de la couche superficielle. Au moment oCi 
paraissaient ces m6moire8, j’^tudiais pour ma part une s6rie d’ ceufs de Cane. Ces 
oeufs sont pondus plus tot que chez la Poule: les images que j’y ai observ^es con- 
cordent en tous points avec celles d^crites par Peter. Mais comme nous Tavons fait 
remarquer chez les Reptiles, s’agit-il bien de la formation du veritable entoblaste de 
Tembryon ddfinitif ? Ne s’agit-il pas plutdt d’un arrangement cellulaire pregastru- 
16 en, d’une blastulation ? L’interstice apparu ainsi au cours de la segmentation 
entre les cellules profondes et les cellules superficielles aurait la valeur d’un 
blastocoele. Ced serait assez satisfaisant puisque le ligne primitive s’immisce entre 
les deux couches de mfeme qu’un archentdron d’Amphibien s’invagine dans le 
blastocoele. 

Dans ce cas, le veritable entoblaste se formerait ult^rieurement. Deux possi- 
bilit^s sont 4 retenir. (a) La polyinvagination: si Peter (1938 &) a bien montt^ que 
les plis ddcrits par Graper et Mehrbach sous le nom de “chagrin” sont bien 
des artefacts, il n’en est pas moins vrai que I’on assiste apr^ la ddamination k une 
invagination spoiadique, mais qui semble difficilement contestable (cf. Pasteels, 
1937 6, fig. 4, p. 399), sous forme de cellules isol^. Et ced Concorde d’ailleurs avec 
certaines observations chez les Mammif^res. Chez la plupart de ceux-d, on s’ac- 
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corde, faute de mieux, k y d^crire de la d^lamination; mais chez certains la poly- 
invagination est 6vidente. Chez les Marsupiaux en effet (Hill, 1910; Kerr, 1934), 
dans la paroi unicellulaire de la v^sicule blastodermique, certaines cellules se 
distinguent par leurs affinit^s tinctoriales; puis on les voit s’enfoncer de-ci de-la 
pour venir constituer un feuillet profond et continu. La mtme Evolution a ^t6 
decrite chez le Tatou par Patterson (1913). (6) La ligne primitive: les travaux de 
Hunt (1937) ont montr 6 que des cellules prot^enant de la hgne primitive viennent se 
meler au feuillet entoblastique sous-jacent. Des documents sur le sort ult^rieur de 
ces cellules manquent encore; il n’en est pas moins probable, contrairement k ce 
que j’avais cm prec^demment, qu’une partie au moins de I’entoblaste embryonnaire 
puisse provenir de la ligne primitive, veritable blastopore comme nous le verrons, 

Cette question difficile de I’entoblaste chez les Amniotes n’est done pas encore 
resolue. II ne parait nuUement que la solution doive se trouver dans les observations 
recentes mais assez extraordinaires de Jacobson (1938 a). Get auteur pretend avoir 
trouve un archent6ron(?) entoblastique, pr6c6dant la ligne primitive, sous la forme 
d’un tube partant de I’ectoblaste. L’auteur n’indique d’ailleurs pas s’il s’agit d’un 
aspect r^gulier d’un endroit bien localise de torn ses embryons ou d’une trouvaille 
fortuite. Je pense qu’il doit s’agir de <^tte demi^re ^entuaht^ car je n’ai jamais 
rien vu de pared dans mes coupes, si ce n’est sous forme de plissements dds k la 
fixation. 

(2) Lorsque le stade didermique est constitu6, au sein de I’aire embryoimaire 
arrondie apparaissent les premiers mouvements cellulaires d^celables par les 
marques color6es. A premiere vue, ils semblent assez complexes en raison de la 
combinaison de deux ordres de ddplacements cellulaires: les mouvements morpho- 
gen^tiques proprement dits et des remaniements d’ensemble de I’aire embryonnaire 
affectant de la mSme fa^on les deux feuillets primaires. Draper (1929) et Wetzel 
(1929), qui les ont analyst en premier lieu, n’ont pu faire cette distinction et les 
d^placements qu’ils ont observes dans le feuillet superficiel sont done la r^sultante 
de ces deux composantes h^tdrog^nes: on comprend alors pourquoi ils apparaissent 
assez etranges et difficilement r^ductibles aux mouvements des autres Veilibr&. 

C’est en pla9ant des repires sur la membrane viteUine — et non sur I’embryon 
meme, puisqu’il change de forme — que Ton pent observer les d^placements 
simultan^ des deux feuillets (Pasteels, 1937 i). R6cemment, Peter (19386) en a 
donne confirmation d’apr^s I’^tude de marques color^s conserves sur coupes. 
Ces mouvements sont schteiatis^ par des flfeches pletnes sur la fig. 1 1. Dans I’aire 
embryonnaire encore arrondie (fig. iia) on observe une poussee de mat^riaux 
postero-m^ans vers I’avant; en mfeme temps les 616 ment 8 lat&o-post^rieurs 
s’infldchissent vers le dedans et vers rarrifere. Les m&nes mouvements se pr6ci8ent 
au moment de la premiere apparition de la ligne primitive (fig. ii 6, c); on aperpoit 
i present que c’est le materiel de la ligne primitive qui s’allonge tandis que les 
territoires situ6s en avant d’elle s’^panoxiissent vers I’avant et les c6t6s. Une pouss^ 
de la ligne primitive vers I’arriire vient s’ajouter au fl^chissement post&rieur de la 
marge post6ro-lat6rale et e’eat ainsi que le genne devient piriforme (fig. 11 c,d). 
A ce stade, les m^mes mouvements persistent et aboutissent k ime aire embryonnaire 
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plus allongee, une ligne primitive plus longue aussi, et dont rextr^mit^ ant^rieure 
se rapproche de la marge de I’aire embiyonnaire (fig. 1 1 </). A partir de ce stade, les 
mouvements se restreignent k la partie postdrieure de I’aire (fig. ii e). 

Sur ces memes figures, les mouvements morphog6n6tiques qui se passent ex- 
clusivement dans I’ectoblaste primaire, et en ddplacent les cellules ^lectivement par 
rapport k I’entoblaste, sont repr^sentes par des filches hachur^es. Ces mouvements, 
qui sont comparables aux mouvements morphog^ndtiques des autres Vert^br^, 
aboutissent i la formation de la ligne primitive. Pour bien les comprendre, il faut 
^tudier la signification de cette structure. 

(3) Rauber, Balfour et van Beneden faisaient deji de la ligne primitive un 
veritable blastopore. Graper (1929, 1930) a repris cette conception mais a cherch6 
i Tetayer sur des arguments assez malheureux. Pensant que pour autant qu’il ne 
puisse etre b^ant comme chez im Prochordd ou Cyclostome P^tromyzonte, le 
blastopore doit necessairement contenir entre ses l^vres un bouchon vitellin, 
Graper (1930) reproduit d’anciennes figures de Mammif^res, ou encore des coupes 
posterieures de gastrulas de Reptiles, tendant k montrer qu’il existe entre les deux 
levres de la ligne primitive un “bouchon vitellin” entoblastique. Or, ces figures 
montrent des aspects dus k la retraction au moment de la fixation (Mammiferes), 
ou bien sont mal interpretees (Reptiles). Wetzel (1931) n’eut aucune peine k 
demontrer qu’une telle conception de la ligne primitive des Oiseaux est insoutenable, 
que les deux Ikvres xdeiment au contact Time de I’autre, se continuent directement 
dans la masse mesoblastique en voie d’enfouissement, sans interposition d’ento- 
blaste. Mais pour Wetzel d’ailleurs, la ligne primitive n’est pas directement 
assimilable k un blastopore. Dans une premiere phase de la gastrulation, le 
“m&oblaste pr^coce et libre” s’invaginerait autour des Ikvres primitives pour 
s’essaimer vers I’avant et les cdt6s ; mais bientdt le materiel invagind resterait stagner 
au niveau de la ligne pour y former un amas “indifferent”, k partir duquel se 
differenderaient ulterieurement k la fois le systkme nerveux et le feuillet moyen. 
Reprenant done la deille conception du “bourgeon caudal ”, Wetzel assimile la ligne 
primitive non k un blastopore mais k un bourgeon caudal, veritable blastkme con- 
tenant dans une matrice commune les materiaux de tout I’embryon. 

Cette these est toutefois peu convaincante. II est difficile en effet de la condlier 
avec la notion certaine d’induction du systkme nerveux par les materiaux sous- 
jacents; elle est en contradiction d’autre part avec les observations de Wetzel lui- 
rndne qui montre que les differents niveaux de la ligne primitive constituent re- 
spectivement des parties medianes ou laterales de I’embryon. Objection grave 
encore: cette conception est en quelque sorte function de I’imperfection de la tech- 
nique. Dans I’amas ceUulaire constitud par une ligne primitive, il est difiSdle de 
colorer s 4 pardnent les dldnents du feuillet profond invagin6 et ceux du feuillet 
superfidel; mais celk ne peut 6videnunent suffire pour pouvoir afl&rmer que ces 
dements soient confondus dans la m&ne masse. En r^p^tant un trks grand nombre 
d’expdiences, on peut toutefois arriver k vaincre ces difficult^ et k rddiser, tout 
comme chez les Amphibiens, la coloration sdparde de la chorde, du m^soblaste et 
du systkme nerveux (Pasteels, 1937^). On peut alors ddmontrer que tous les 
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ments du chordom^soblaste franchissent le sillon primitif en des points definis, et 
que le syst^me nerveux est form6 par le materiel qui reste en surface, au-dessus de 
ces Elements. Si Von envisage que le point de vue cinitiquey la ligne primitive est done 
bien un blastopore. 

(4) Nous disposons i present des 614 ments qui permettent de retrouver les 
moiivements morphogdnitiques analyses chez les autres Vert6br6s. Sur la fig. ii, ces 
mouvements qui ne concement done que le feuillet superfidel sont sch^matisfe par 
des filches interrompues. Ik consistent en un mouvement de convergence vers la 
ligne primitive (fig. 11 a^ by Cyd) suivi d*une invagination au niveau de cette ligne 
(fig. lit, d). L* extension est tardive. Elle n’apparait qu’au moment oti la ligne 
primitive est son maximum de longueur et pr6c6de de peu I’apparition de la 
plaque m^dullaire (fig. ii e). Elle a ^t^ d^crite par Graper (1929) et Wetzel 
(1929) et mes observations k ce point de vue confirment celles de mes devanciers. 
R^cemment (19386) Jacobson, mettant en doute la validity des marques colordes au 
blue de Nil chez les Oiseaux, croit devoir nier I’existence de cette extension pro- 
gressive et pretend que le recul du “nceud de Hensen” n’est qu’apparent et r^sulte 
d’une veritable suture mddiane des ma^riaux latdraux progressant d’avant en 
arrive et fermant la ligne primitive sans interposition de mat^riaux situ^s plus 
ant^rieurement. Je ferai remarquer que les r^sultats obtenus par des l&ions du 
noBud de Hensen par diflf^rentes techniques (Wolff, 1936, Wetzel, 1936) montrent 
que son materiel est bien constitu6 par la chorde et, en ce qui conceme le feuillet 
superfidel, le plancher du systfeme nerveux. D’autre part, des marques k Tencre de 
Chine, telles que les a pr^conis^es Jacobson sans en avoir fait un usage sufiisant 
pour emporter la conviction, m’ont montri tout r^cemment que cette modalitd 
nouvelle de concrescence telle que le propose cet auteur n’est pas plus heureuse que 
les pr^c^dentes.^ L’extension ant6ro-po8t6rieure des mat6riaux qui se trouvent k 
Textr^mit^ ant^rieure de la ligne primitive correspond k la r6alit6. 

(5) Le plan des dbauches ne pent, pas plus chez les Reptiles, 8tre delimit^ par 
des marques que Ton poserait avant la gastrulation et que Ton retrouverait dans les 
organes primordiaux. Les marques sont trop fugaces pour cela. Mais au moment 
oil k ligne primitive est k son maximum de longueur (fig. ii D), on peut y poser 
des marques que Ton rctrouvera bientdt dans les organes. Le r^sultat de cette pro- 
spection (Pasteels, 19376) correspond k deux r68erve8 pr^s aux donndes de Wetzel 
(1929). Ces reserves sont toutefois importantes. La premiere conceme le materiel 
du systdne nerveux. II n’est pas confondu avec le m6soblaste mais se trouve au- 
dessus de lui, dans le feuillet superfidel (croissant blanc de k moiti6 gauche de k 
figure). En second lieu, k disposition du chordom^bkste, dejk invagind en 
majeure partie (moiti6 droite de k fig. ii D) n’est pas non plus conforme k la de- 
scription de Wetzel. S’il est exact que k chorde s’y trouve prks du nceud de Hensen, 
les somites au niveau de k premide moiti6 de la ligne primitive, il est errond de dire 
que tout le m^bkste ktdral du corps se localiserait k la moiti6 post6rieure de k 
ligne. On y trouve, en effet, du m^sobkste ktdral, mais uniquement pour k partie 


^ Le detail des observations paraltia ult^eurement. 
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post6rieure du tronc. Celui de la moiti6 anlirieure se trouve en dehors des somites ; 
il s’y est plac6 par son invagination prdcoce (cf. fig. ii C, moiti6 droite). On com- 
prendra ais^ent comment le mouvement d’extension qui est d’autant plus marque 
qu’il s’agit d’un materiel plus median, et qui d^croit dans le sens chorde parties 
internes des somites parties extemes, viendra aboutir k la mise en place definitive 
des materiaux du tronc (fig. ii E). 

Pour les stades plus jeunes, il faudra tenir compte de la direction et de I’^tendue 
des deplacements ceUulaires. Connaissant la place que tient le materiel de la ligne 
primitive sur le blastodisque non incube, on peut tracer ^ ce stade ime delimitation 
probable des ebauches telle qu’on la voit sur la fig. ii A. La connaissance des de- 
placements ceUulaires (mouvements simultanes, invagination, convergence) nous 
permettra de delimiter des stades intermediaires tels que la fig. ii B et C. Pour 
ceux-ci, des marques colorees nous ont montre que leur valeur generale est bonne. 

La representation schematique de la fig. 1 1 A differe ^ maints egards de ceUes 
que Graper (1929) et Wetzel (1929) ont figure pour le mfeme stade. Sa valeur a 
etc confirmee par des experiences d’explantations faites par Rudnick (1938). En 
revanche, on ne voit trop sur quels arguments est basee la version nouveUe proposee 
par Jacobson (1938^). 

(6) La difference entre la gastrulation des Oiseaux et des Reptiles reside en 
I’apparition chez les premiers de ces mouvements simultanes des deux feuiUets 
primaires. Ils aboutissent k un aUongement precoce de Taire embryonnaire; et en 
ce sens Us peuvent etre consideres comme le fruit d’une simple difference de 
chronologic, puisque le mSme aUongement se retrouvera chez les Reptiles apres la 
gastrulation. A part cela, la repartition initiale et finale des ebauches est la mSme, 
les mouvements morphogenetiques sont identiques. Cependant I’allongement con- 
siderable de la region blastoporale par les mouvements simultanes va modifier du 
tout au tout les formes embryonnaires. Chez les Reptiles, nous avions une invagina- 
tion au niveau d’lm tout petit pertuis bkstoporal aboutissant k un canal; chez les 
Oiseaux, Tinvagination est etendue le long de la longue ligne primitive. En un 
certain sens, la ligne primitive pourrait etre une gastrula de Reptile 6tir6e de teUe 
fa9on que les parois latdrales du canal viendraient se placer en arrifere de la vofiite, et 
le plancher plus en arri^re encore. Une fois de plus, les formes gastrul6ennes ne 
peuvent 6tre comprises et companies qu’en fonction de la cin^tique, c’est par leur 
assimilation aveugle que la gastrulation des Reptiles a 6 t 6 si longtemps mal 
comprise. 


III. UN ESSAI DE SYNTHASE 
I. Definition de la gastrulation 

Pour qu’une synthase soit possible, il faut que I’on connaisse bien la signification 
fonda mcn tale de la gastrulation. Il importe avant tout de faire table rase de toutes 
les conceptions pErimEes. 11 ne sera gu^re besoin de revenir sur Vent&ocaelie, ni sur 
la concrescence; il a dt^ suffisaimnent ddmontr^, et pour tous les groupes, qu’il ne 
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s’agit que de notions controuv^, mais d’autres devront nous retenir davan- 
tage. 

En premier lieu la gastraea didermique de Haeckel. Elle ne se retrouve ni chez 
les Amphibiens, ni chez les Tdl^st^ens, les S 61 aciens, ni m^me chez les Cyclo- 
stomes; pas non plus chez les Amniotes, car le stade didermique de ceux-ci (oti la 
chordom^soblaste se trouve encore dans V edohlaste) a une tout autre valeur que chez 
les Prochord^s. Chez ceux-ci, on pourrait h premiere vue admettre qu’il existe h un 
certain moment I’^quivalent d’une gastraea, stade k deux feuillets entourant un 
archent6ron, communiquant avec le dehors par un blastopore. On pourrait done 
supposer que le type gastraea est primitif et qu’il disparait dans revolution. Mais k 
cette conception s’opposent les arguments suivants : 

(1) Bien que la gastrula de I’Amphioxus puisse paraitre comme le veritable 
symbole de la gastraea, les observations de Conklin nous permettent d’aihrmer que 
le “feuillet profond” ne constitue pas une unite coherente. Ce revfitement archen- 
terique, malgre sa continuite apparente, est en realite une mosaique transitoire 
d’eiements disparates. Reunis par accident, parce qu’ils se sont invagines en mSme 
temps, ils se separeront bientdt en vertu de leurs proprietes intrins^ques. 

(2) Si le type de gastrulation, telle qu’elle est realisee dana la gastrula-gastraea 
avait quelque importance intrinseque, on ne con^oit vraiment pas les raisons de sa 
disparition totale chez tons les Vertebres. 

C’est en effet mal poser le probieme que de t&cher de definir la gastrulation par 
ce qu’elle aurait pu 6tre et ce qu’elle aurait pu devenir; nous sommes Ik dans le 
mar^cage des hypotheses inverifiables. La gastrulation ne pent 6tre ddfinie que par 
ce qu’elle est, et par ce qu’elle est dans tons les cas. 11 ne faut pas hdsiter k rejeter 
compietement, k I’heure actuelle, I’hypothese haeckelienne. Elle a dte utile, trfes 
utile, mais elle est aujourd’hui ddpassde. Elle a 6t6 imaginde dans le cadre de la 
“loi biogendtique fondamentale” de recapitulation. Or, telle que la concevait 
Haeckel, cette loi fameuse est non plus qu’une hypoth^se p6rimee. Comme le 
remarque avec pertinence de Beer (1938), son noyau de vdiite est une ^^repetitim 
of ontogenetic events” chez les diffdrentes formes. Ce n’est done pas une loi de 
r^pitulation mais une rkgle de rdpdtition. Or, s’il est une forme embiyonnaire qui 
ne se r^pfete pas, e’est bien le stade k 2 feuillets entourant un archentdron. 

(3) C’est mal poser le probldme aussi que de ddfinir la gastrulation par une 
forme. Or, rien n’est plus variable que les formes gastruleennes; elles paraissent 
mdme irrdducdbles les unes aux autres. Nous en avons donne en passant maints 
exemples. Et pourquoi ? II ne s’agit pas d’une forme ddfinitive et typique comme 
celle du corps embryonnaire organisd mais bien d’une iran^ormathn toute mouvante. 
La gastrulation n’est que mouvements, mais ces mouvements nous les retrouvons 
identiques chez tous les Chordds. Eux seuls constituent la constante qui nous per- 
mettra de ddfinir I’essence mdme de la gastrulation: la mise en place dans la pro- 
fondeur du germe de territoires situds d’abord en superficie. Mais chez les dif- 
fdrents Chordds, ces mdmes mouvwnente peuvent changer de chronologic; ils 
peuvent affecter des dbauches qui ont des rapports diffdrents avec la masse vitelline, 
et mdme malgrd une mdme disposition gdndi^e entrielles. On comprendra aisdment 
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pourquoi les formes gastmleennes, r^ultantes temporaires de ces mouvements 
cellulaires pourront tant diff6rer. Et c’est le d^faut des syntheses r^centes comme 
celle de Florian (1936) et de Peter (1938^). Ces auteurs basent leurs comparaisons 
et leurs homologies sur des formes gastmleennes, ce qui ne pent mener qu’k des 
difl&cultes inextricables. 


3 . La question des “proliferations” 

Si les marques colordes nous indiquent des ddplacements cellulaires, n’y aurait-il 
pas en m&ne temps intervention de croissances localis6es ? A priori, le fait e^t bien 
possible, puisque nous en connaissons des exemples chez les InvertEbrEs. Entr’autres 
chez les Crustacfe Isopodes, c’est une croissance tEloblastique qui viendra fermer 
d^finitivement le blastopore (McMurrich, 1895). Mais pour pouvoir raflSrmer, il 
ne sufiira pas, comme on Ta fait trop souvent, de noter quelques mitoses au hasard 
des coupes. Une statistique rigoureuse sera une condition nicesscdre^ mais non 
suffisante. Car, pour qu’il y ait croissance, il faudra non seulement que les cellules 
se subdivisent plus activement, mais encore, qu’aprfes leur division, elles augmentent 
de volume. Or, jamais jusqu’ici, une telle augmentation de volume n’a dtd re- 
cherch6e, et I’^cole de Richards (1935) qui pretend dtudier la morphogdnfese par 
la comparaison exclusive des index mitotiques ne peut de ce fait espdrer pouvoir 
conclure en quelque sens que ce soit. Car la simple demonstration d’une denaitd 
mitotique plus forte dans un territoire ne peut Evidemment suflSre k prouver que ce 
territoire croisse rdellement, car au stade de la gastrulation, les mitoses peuvent fort 
bien conserver leur caractere de segmentation. On comprendra done comment, 
avec une telle erreur de raisoimement, Richards & Porter (1935), Richards 
& Shumacher (1935), Self (1937), Bragg (1938) en arrivent k des con- 
clusions tr^s dtranges, D’autant plus que, au point de vue de la mdthode, leurs 
stadstiques paraissent mddiocres. En premier lieu, pour chaque stade un seul 
embryon a 6td utilise, alors qu*il aurait fallu faire des numerations sur plusieurs 
embryons du m^me stade, pour juger de la Constance Eventuelle des resultats. 
Ensuite, ces auteurs ont omis de calculer la marge des erreurs stadstiques. Or, 
cette omission est d’autant plus grosse que les index mitotiques (c’est-^l-dire le 
pourcentage de cellules en division) dont la comparaison sert de base au laisonne- 
ment sont souvent tres voisins. Prenons par exemple un tableau de la page 405 du 
memoire de Richards & Shumacher (1935): 


Summary for 5-day embryo 

1 

Total 

Active 

division 

Mitotic 

rate 

Ectoderm of embryonic shield 

3191 

19 

0*59 

Ectoderm forming neural groove 

183 

0 

0*00 

1 Primary entoderm of embryonic shidd 

4 ^ 

1 

0*207 

1 Ectoderm of eam ring 

1 Prinrary entoderm of germ ting 

1001 

339 



5 

I 

0*49 

0*27 
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Si nous calculons la marge d’erreurs d’apr^s la formule classiquep + 3 

oil -V repr^sente le nombre total de cellules ttp le rapport 
arriverons aux r^sultats suivants: 

0*59 ±0*36 
o ? 

0*207 ± 0*63 
0*49 ±0*66 
0*27 ±0*84 


I P{^-P) 
V N 


Nous nous dispenserons de commentaires. 

Rdcemment, Preto a d^nombr^ soigneusement toutes les mitoses de deux em- 
bryons de Rat pris k des stades diff^rents de la ligne primitive. Lea conclusions de 
ce m^moire sont plus prudentes et en accord avec les faits deceits par la m^thode 
des marques color^es. Deux ordres de rdsultats doivent ^tre considdres dans ce 
memoire. 

(a) U existe entre lea trois feuillets de tr^s fortes differences d’index mitotique 
(ectoblaste: 85*3; mesoblaate: 39-6; entoblaste: 12*8). Ces chiffres trfes differents 
proviennent d’une numeration d’un trfes grand nombre de cellules et sont done 
statistiquement irreprochablea : Tauteur est d^s lors en droit de conclure que 
I’activite mitotique est d^s ce stade differente dans les trois feuillets. 

(b) L’auteur a voulu ^galement tdcher de calculer dans chacun des feuillets 
rindex mitotique de tranches plus ou moins anterieures ou plus ou moins lat6rales 
par rapport k la ligne primitive. Malheureusement, les chiffres deviennent forc6- 
ment baa et la marge des erreurs que Preto a malheureusement omis de calculer 
devient telle que toute conclusion peut Stre consid6r^ comme superflue. 

Pour ma part, profitant de ce que chez la Truite les drconstances (taille uni- 
forme des cellules, density constante de celles-d, absence de vitellus) semblaient 
exceptioimellement favorables, j*ai eu recours k un proc^dd plus sommaire: il con- 
sistait a dessiner toutes les coupes d’un embryon k la chambre daire et & y pointer 
les mitoses, k mesurer la density mitotique par unit6 de volume. Durant toute la 
gastrulation, cette density est apparue constante pour un mSme embryon, sauf en ce 
qui conceme I’ectoblaste extra-embryonnaire, oh elle devenait plus faible. J’en 
avait d6duit, puisque par ailleins les cellules gardent une taille uniforme, que la 
gastrulation s’y d6roule exdusivement sous I’influence des ddplacements cellulaires 
et sans I’intervention de proliferations localisees (Pasteels, 1936ft). J’ajouterai k 
present que cette conclusion est peut-6tre trop rigide et que ce ne sont gufere que 
de grosses proliferations dont j’ai pu exdure k coup siir I’existence par la methode 
employee. 

Quoiqu’il en soit, on n'apujnsqdici dimoTttrer de fapon certedne qdune proUfira- 
iion iventuellejoue un rSle dans la gasirulaiion des Vert&)ris\ on n’a pu encore moins 
prouver I’assertion tant de fois repetde, et encore tout recemment par Holmdahl 
(1939) qu’il existe une proliferation au niveau de la Ifevre blastoporale. 

Pour Holmdahl (1925 k 1935, 1939) il ^iste deux morphogeneses differentes. 
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L’une primaire (aussi appeUe indirecte par Peter, 1934 <?) conceme la partie 
anterieure du tronc. Un blastteie, la Ifevre blastoporale, constitue des feuillets, k 
partir desquels s’^difient les organes. Quant ^ la partie post6rieure du corps, elle 
est constitute “directement” (Peter) k partir du blasttme qu’est le bourgeon 
tronco-caudal, sans passer par rintermediaire des feuillets. II y a beaucoup ^ redire 
i ce propos. La Itvre blastoporale n’est pas un blasttme mais un simple point de 
rtflexion des cellules superficielles dans la profondeur. Quant au bourgeon tronco- 
caudal, son aspect “indifftrent" cache une htttrogtntitt fondamentale. Le 
caracttre dense des cellules k allure “embryonnaire” est dA au fait que les terri- 
toires posttrieurs se difftrencient plus tard et constitueront longtemps une sorte de 
phase gastrultenne dans un embryon dont les parties anterieures sont dtjii bien 
difftrendtes. Par ailleurs, il apparait bien que la croissance est k un certain moment 
plus intense en arritre de Tembryon que dans ses parties anttrieures. Mais il n’y 
a Ik que des differences quantitatives dont on aper9oit la gamme des transitions et 
qui ne permettent pas la distinction entre deux morphogtntses qualitativement 
diflFtrentes, bien tranchtes il un certain niveau du corps comme le prttendent 
Holmdahl et Peter. On ne saurait trop se dtfier de concepts rappelant les c6phalo- 
et urogdn^es bien caduqu^ k pr^nt. La gastrulation et la morphoginhe sont 
en ridiU unitaires puisque I’analyse permet de deceler les mimes mouvements 
morphog^n^tiques dans la mise en place des organes tout le long de I’embryon. 

3. Deux EOBMES OASTHUliENNES constantes 

Une forme embryonnaire qui semble bien constante et qui joue un role 6 nonne 
dans toutes les disciplines morphologiques, voire pathologiques, c’est le feuiUet. 
Encore faut-il prendre garde de n’appliquer la notion de feuillet que pour Tembryon 
tridernuque: postgastrul^n et non pas dans une phase didermique transitoire. Car 
il est Evident qu’un “ectoblaste” de I’embryon didermique d’Amphioxus ne peut 
fitre homobgu6 au “feuillet”^ superficiel de I’embryon didermique des Amniotes; 
ceiui-ci comprend en effet k la fois I’ectoblaste et le chordom^soblaste (et peut-6tre 
une partie del’entoblaste). D’autre part, le terme m^me de feuillet ne doit pas 6tre pris 
dans un sens trop rigoureux puisqu’il est absolument indifferent que des organes se 
soient constitues par des feuillets (partie ant^rieure du tronc) ou par un bourgeon 
massif, continu, non deiamine (partie posterieure du tronc). Le feuillet n’est done pas 
le tabou que venerait I’andenne embryologie, ce n’est qu’un rang cellulaire. Des 
organes ne pr^enteront nuUement, comme on le croyait, des affinit^s parce gw’ils 
proviennent du m&ne feuillet mais au contraire ils proviennent du mfeme feuiUet 
parce qu’ils proviennent de territoires voisins et ont suivi un p.hfimin commun. C’est 
en ce sens que la “specificity des feuillets” gardera une certaine valeur malgre des 
exceptions apparentes telles que la formation de cartilages k partir de crates gangli- 
onnaires (travaux de Stone, l^ouff, Raven, etc: references dans le Traiti d Embryo- 
logie de A. Brachet, a^me edition, 1935). 

Une autre forme gastruieenne constante c’est le blastopore; son sens primitif 

^ Ici, les termes d’ecto- et d’entophylle propose pat Celestino da Costa, n’ayant qu'une \'Bleur 
topogniphique et non g6a£tique trouveront lent emploi. 
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signifie “«bouche” (“Urmund” en allemand). S’appuyant sur cette signiiicatioii 
litt^rale, on serait en droit, avec Wetzel, de nier Texistence d*iin blastopore quand il 
n’y a pas d’archent^ron. Mais pourquoi priver, dans certains cas, comme chez les 
Oiseaux, la gastrulation d’un de ses attributs essentiels ? On I’avait mal d^finie. 
Oublions le sens original du mot et insbtons sur le scm fonctionnel du blastopore: 
V orifice d'entrie des cellules en vote d* invagination. Un tel blastopore se retrouve 
partout et toujours. 

4. Variantes de la gastrulation chez les Chordes et 

LEURS ORIGINES ^VENTUELLES 

Pour connaitre le m^canisme de I’^olution de la gastrulation chez les Chordes, 
il faudrait connaitre le m^canisme et la source des mouvements morphog^n^tiques. 
Des travaux exp^rimentaux r^cents qui ne pourront qu’etre envisages briivement 
ici mais dont on trouvera mention plus complete ailleurs (cf. Dalcq, 19386) nous 
foumissent quelques lueurs i ce sujet. En soumettant des ceufs d’Amphibiens i un 
retoumement force tel que le vitellus, ddplac 4 par la pesanteur, vienne adhdrer h 
des points divers de la surface ovulaire, on peut suivre I’apparition des l^es 
blastoporales aux points les plus divers. Chaque blastopore traduit une constellation 
complete de mouvements morphogdn6tiques d’une gastrulation. Suivant les cas, 
on en trouvera un, deux, m&ne trois dans le m6me ceuf. Il est Evident qu’ils ont it 6 
constitu^s de novo par la modification de I’ceuf apportde par rexp6rience; il est 
Evident aussi que les facteurs mis en jeu ne sont rien d’autre que ceux qui prudent 
au d^eloppement normal. L’analyse des cas a pu montrer que ces facteurs sont au 
nombre de deux (sans compter un genome normal) : le gradient vitellin et un champ 
cortical ayant son maximum d’intensit^ du cdt6 dorsal (Pasteels, 1938). Le champ 
cortical est rigide et stable; le vitellus, d^plac^ par Texp^rience. Or, la gastrulation 
debutera toujours au point de la marge d’un amas de vitellus dense qui est situ 4 le 
plus pr^ du centre du champ. Partant de ces donndes et d’autres r^coltdes par Dalcq 
par Texp^rimentation sur les ceufs d’ Asddies et d’ Amphibiens, nous avons envisagd 
dans deux mdmoires communs “une conception nouvelle des bases physiologiques 
de la morphogdn^” (Dalcq & Pasteels, 1937, 1938). 

£n ce qui conceme la gastrulation, I’invagination serait d^clanch^e d6s qu’un taux 
liminaire de produits resultant de rinteraction du gradient et du diamp serait atteint. 
Au sein de la ceinture marginale, la segregation en chorde, somites, lames latdrales 
dependrait du taux relatif des deux facteurs C (cortex) et V (vitellus) engages dans 
la combinaison ; or, on peut poser que les mouvements de convei^ence et d’extension 
sont lies aux predispositions chordales et mesoblastiques. A I’aide de ces donnees, 
nous avons pu reproduire graphiquement im plan d’ebauches ressemblant dans ses 
.lignes generates k celui des Amphibiens (Dalcq & Pasteels, 1938, pp. 269 et 272). 

Un coup d’oeil recapitulatif sur la gastrulation des Chordes nous arnknera k 
considerer d’abord que la particularite des Prochordes consiste en la subdivision de 
la zone marginale en deux parties separees: une ventrale, mesoblastique et une 
dorsale, chordale. L’organisation de I’ceuf d^AscidteUa a ete etudiee par Dalcq 
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( 1938 / 2 ) par des experiences de merogonie double de I’ceuf vierge. II en r&iilte 
qu’il faut considerer chez cette espece— et vraisemblablement chez tous les Pro- 
(iordes— I’eristence outre le champ cortical et le gradient vitellin communs k tous 
les Chordes, d’un mesoplasme mtervenant dans la constitution du croissant meso- 
blastique ventral qui n’est pas, comme nous I’avons vu, Tequivalent du mesoblaste 
des Vertebres. 

La caractenstique de tous les Vertebras non Amniotes, c’est I’existence d’une 
ceinture chordom^blastique marginale continue s 6 parant Tectoblaste de I’ento- 



Fig. la. (a) Sch&natiBation d’un ocuf t£lol£atiuque d’Anamiuote. CEuf entier vu de cdt6. En 
ponctuation* vitellus; ent. entoblaste, di. chorde; m^blaste; nerv. neurectoblaste; extraembr 
^iblaste extra-embryonnaite; SI. blastopore (b) Coupe sagittale d’une blaatula de Truite (une 
partie du vitellus seulement est repr^entee). (e) Sdidmatiaation d’un oeuf teloltothique d’Amniote. 
CEuf entier vu de cdt^ MSmes symboles que pour (a) (d) Coupe sagittale d’une blaatula de Clemmys 
leprota (une partie seulement du vitellus est reprdsentde). 


blaste. Cette r^le ne souffre d’exceptiou que chez certains Sdaciens, tel que 
ScyUium camcula^ chez lesquels vraisemblablement par suite de la forte accumula- 
tion vitelline, cette zone eat interrompue du c 6 t^ ventral. Lorsque chez ces 
Vert^brtSs non Amniotes la segmentation est partielle, on y observe en somme un 
plan d’Amphibien, dont toute la zone vitelline sous-blastoporale resterait inseg- 
ment^e ; la fig. i 2 /z nous montre une blastula de T614o8t6en coifiant sa masse vitelline 
et vue de profil: le plan est celui de la fig. 6 a, sauf que Tentoblaste qui cache en 
surface une partie de la zone marginale y a 6t4 repr^aent4; I’^piblaste extra- 
embryonnaire a 6 t 6 d61imit4 6 galement. Notons ces deux points essentiels: (a) le 
blastopore est d la Umite qui sdpare le blastodisque de la masse viteUme\ (h) Vectohlaste 
extra-embryotmaire est intradiscali sans rapports directs avec le viteUus. 
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En ce qui conceme les mouvements inorphog^n 6 tiqiies, nous constatons une 
curieuse modification de chronologie qui apparait dfes les fonnes les plus infdrieures 
pour s’accentuer par la suite au cours de revolution. En effet, chez les P 6 tromy- 
zontes, Tinvagination blastoporale progresse trfes lentement dans le sens dorso- 
ventral; les materiaux dorsaux ont pu s’invaginer depuis longtemps et ont pu d^ji 
commencer k s’enfouir en profondeur. Ce retard est d^jk moins accentud chez les 
Teieosteens ; et beaucoup moins encore diez les Amphibiens. Enfin d^s les Reptiles, 
chordomesoblaste dorsal et mesoblaste ventral ddbutent leur invagination en meme 
temps. 

Remarquons qu’ii part ces differences de chronologie, et 4 part aussi la quantite 
plus ou moins grande de vitellus qui s’accumule au p61e vegetatif, la gastrulation ne 
subit que peu de variations chez les Vertebres non Amniotes. II est alors caracte- 
ristique de voir qu’ii existe 4 I’mterieur m^me de la dasse, probablement poly- 
phyletique (cf. Save- Soderbergh, 1934 ) des Amphibiens, des differences entre la 
gastrulation des Uroddes et des Anoures. Ces differences tiennent 4 la situation de 
la levre blastoporale par rapport 4 1’entoblaste et au mesoblaste; 4 la separation plus 
ou moins precoce de ces deux feuillets; 4 la difference de chronologie de I’lnvagina- 
tion mesoblastique; 4 la difference de hauteur de la zone marginale. Tandis que 
I’ceuf des Teieosteens pourrait etre en somme un ceuf d’Amphibien dont la masse 
entoblastique sous-blastoporale serait insegmentee, ce que nous savons de la gastru- 
lation des Dipneustes les rapproche davantage des Urodfeles. 

Si nous considerons 4 present la gastrulation des Amniotes, nous constatons un 
saut brusque dans revolution. En effet, si nous comparons sur la fig. 12 au schema 
de I’oeuf de Teieosteen que nous avons vu plus haut avec un schema semblable d*un 
ceuf de Reptile (dont la masse vitelline est supposee toutefois considerablement 
reduite) nous apercevrons (fig. 12 c) un aspect tout different. La repartition generale 
des ebauches entr’elles est la meme, mais chez les Reptiles I’anneau chordo- 
mesoblastique entoure un blastopore intradiscal’, en revanche, c’est I’ectoblaste 
extra-embryonnaire qui se trouve 4 la limite du vitellus. Or, nous avons vu le con- 
traire chez les Amniotes. Quel est I’origine de ce chasse-croise ? Nous avons vu 
que la contact du vitellus etait un facteur dedsif pour Tapparition du blastopore et 
des mouvements gastruieens. Or, U est 4 noter que les rapports entre blastodisque 
et vitellus sont tr4s diff 6 rents chez les Anamniotes mdroblastiques et chez les 
Amniotes. Une coupe sagittale d’une blastula de T416ost6en telle qu’on la voit sur 
la fig. 12 b montre strictement I’dquivalent d’une blastula d’Amphibien mais dont 
toute la partie sous-blastocoelienne serait insegmentee. La large cavite separant le 
blastodisque du vitellus s’est creusee au cours de la segmentation, elle est nettement 
separ^e du vitellus sous-jacent par une membrane, c’est im blastocode au sens strict 
du mot. Le blastodisque ne touche au vitellus que par sa marge qui entoure la base 
du blastoccele. On con 9 oit fadlement que le blastopore, se constituant au contact 
du vitellus, ne puisse fitre que marginal. Or, une mfime coupe de la Tortue 
CUmmys leprosa (fig. izd) nous montrera un tout autre aspect Le blastodisque 
s’est ^tald au contact mdne du vitellus. Nous sommes 4 la veille de la gastrulation 
et nous ne voyons pas de blastoccele. S’il en existe un chez d’autres Amniotes, ce 
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ne pourrait ^tre que la fente s^parant I’ectophylle et Tentophylle du stade didermique. 
Quoiqu’on en ait dit h. ce sujet (cf. Peter, 1938 a ), la camiti sous-germinak des 
Sauropsides 71'est pas Vhomologue d'un hlastoccele. Le blastoccele est strictement une 
ca^^td intercellulaire, apparaissant precocement au cours de la segmentation et 
limit^e de toutes parts, y compris du c6t6 du vitellus chez les Amniotes t^lol^ci- 
thiques. Chez ceux-ci, la masse vitelline est englob^e dans une membrane incom- 
plete et repr^sente en quelque sorte une vaste cellule. Le blastoccele contient un 
liquide distinct du vitellus. Or, la “cavit6’* sous-germinale des Sauropsides n’est en 
somme une “ cavity ” que sur coupes microscopiques. Tout embryologiste familier 
de Tceuf d’Oiseau vivant sait qu’elle est remplie de vitellus liquifi6 en continuity 
directe avec le vitellus sous-jacent et que, contrairement k ce qui se passe chez un 
Poisson, il est impossible d’enlever le blastodisque sans que le jaime ne s’^coule. 
Cette “ca\ite” ne se forme en ryality que plus ou moins tard (tr^s tard chez la 
Tortue, au moment mfeme de la gastmlation) et resulte de la digestion progressive 
du vitellus par les cellules sous-jacentes. II en rdsulte que, chez les Sauropsides, 
Pensemble du germe est toujours en contact immydiat avec le vitellus ou ses pro- 
duits de digestion. On con^oit done que, contrairement ^ ce qui se passe chez les 
Tyiyostyens, le blastopore pttisse etre intradiscal. Pourquoi il Pest ryellement est 
toutefois un autre probiyme dont la solution n’apparait pas encore. 

Quoiqu’il en soit, cette dissociation de Penglobement du vitellus et de la gastru- 
lation mene k deux consyquences importantes. La premiyre est que Pentoblaste est 
en quelque sorte dytachy du vitellus. Sans doute faut-il voir la raison de son in- 
vagination particuliyrement prycoce chez les Reptiles, peut-ytre aussi la raison de 
sa constitution au moins partielle par dyiamination chez les Oiseaux quoiqu’il 
vaudrait mieux s’abstenir de se prononcer avant d’avoir recueUli de nouveaux 
resultats. La seconde consyquence e’est que la masse vitelline qui ytait englobye 
pendant la gastmlation et par le blastopore chez les Tyiyostyens, est chez les 
Reptiles, entourye par Pectoblaste extra-embryonnaire, indypendamment de la 
gastmlation. Cette ypibolie extra-embryonnaire peut se faire avant (Camyiyon; 
Peter, i934i), pendant ou apr^s gastmlation. Dalcq (1937, 1938ft) a trfes justement 
noty ses rapports avec la formation de Pamnios, dont le stade d’ apparition est aussi 
si variable mais toujours contemporain de Pypibolie. 

L’invagination prycoce de Pentoblaste chez les Reptiles a pour rysultat une 
modification importante de la cinytique. L’anneau marginal entoure en effet un 
petit pertuis blastoporal et on con9oit facilement comment une invagination con- 
centrique vienne y constituer un canal qui s’immisce entre les deux feuillets. Nous 
retrouvons k peu prys la disposition caractyristique de Lampetra avec une diffyrence 
fondamentale toutefois: chez le Cyclostome ce canal est un archentyron vyritable, 
le plancher ytant entoblastique, tandis que chez le Reptile ce plancher est myso- 
blastique. C’est par la perforation progressive de ce plancher par le mouvement de 
divergence que nous avons analysy plus haut que chez le Reptile se rytablit la dis- 
position typique d*une vofite archenterique. 

Une caractyristique aussi de la cinymatique des Amniotes, e'est Papparition 
tardive — surtout chez les Oiseaux— des mouvements d’extension. Toutefois, 
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Vandebroek I’a signal^ aussi chez Scyltium. Cela est dd vraisemblablement au fait 
que la progression ant^ro-post^rieure de la morphogenise y est tr^ lente. 

Reste k expliquer Tapparition de la ligne primitive des Hom6othermes. Elle est 
due dvidemment k I’^longation de la zone blastoporale sous I’effet des mouvements 
simultan^s qui d^forment de la m^me fa^on les deux feuillets primaires. Ces 
mouvements ont manifestement pour effet une Elongation precoce de toute Taire 
embryonnaire; mais leur cause reste mystErieuse. 

II serait enfin intEressant, quoiqu’il ne faille pas s’attendre des surprises bien 
vives de ce cotE, de pouvoir Etudier la cinEtique des formes de transition entre 
gastrulation reptilienne et ligne primitive, teUes qu’on en rencontre chez certains 
MammifEres. 

Nous voyons done que pour progreaser, I’Etude de la gastrulation devra se 
poursuivre sur deux plans connexes s’Eclairant Tun I’autre: le point de vue de- 
scriptif, dEjk largement dEblayE et la point de vue causal, analytique sur lequel de 
premiEres recherches entr’ouvrent de vastes perspectives. 

IV. RfiSUMfi 

A. (i) La gastrulation des Amphibiens est dEcrite en dEtail d’aprEs les re- 
cherches de Vogt (1929 a) et de ses continuateurs. Sont envisagEs successivement, le 
plan des Ebauches de la jeune gastrula, les mouvements cellulaires d’ensemble dits 
“mouvements morphogEnEtiques”. Ceux-ci consistent en invagination, con- 
venience, extension, Epibolie. Enfin, sont rEsumEes les conclusions nouvelles 
apportEes par Vogt: la correspondance Eventuelle des axes ovulaire et embryonnaire, 
rinexistence de la concrescence, le manque de pertinence de la thEorie coelomique, 
Torigine de la chorde, la valeur limitEe de la thEorie de la gastraea, la rEfutation de 
la subdivision du dEveloppement en cEphalo-notogEnEse, etc. 

(2 et 3) Chez les TElEostEens et les SElaciens malgrE I’existence d’une masse 
vitelline insegmentEe le plan des Ebauches et les mouvements morphogEnEtiques 
prEsentent la plus grande analogie avec ceux des Amphibiens. En ce qui concerne 
les premiers, il convient d’insister sur la similitude de la cinEtique opposEe k la grande 
diffErence des formes gastrulEennes. 

(4) Une version nouvelle de la gastrulation du Cyclostome Lampetra est dEcrite ; 
ce qui permet d’afiirmer qu’il n’y a, entre cette gastrulation et celle des Amphibiens, 
d’ autre diffErence que chronologique; contrairement k ce qu’affirment Weissenberg, 
la gastrula de Lampetra n’est pas didermique mais bien tridermique. 

(5) La gastrulation de I’Amphioxus et de TAscidie est rEsumEe d’aprEs les 
travaux de Conklin (1932) et de Vandebroek (1939). La grande similitude de la 
dynamique gastrulEeime avec celle des VertEbrfe est soulignEe; le stade didermique 
et I’entErocoelie ultErieure ne sont considErEs que comme des aspects purement 
contingents, le “feuillet” profond Etant en rEalitE un complexe; le croissant mEso- 
blastique ventral n’est pas I’homologue du mEsoblaste des VertEbrEs. 

(6) Chez lea Reptiles, nous aboutissons aux conclusions suivantes: (a) les 
mouvements morphogEnEtiques sont semblables k ceux des Anamniotes, mais dis- 
posEs dans un autre ordre chronologique; (b) l’“entEroccelie” ne correspond qu’k 
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une mauvaise interpretation des coupes microscopiques ; (c) le canal chordomeso- 
blastique n’est pas un archenteron veritable; (d) d n’y existe pas de “plaque 
primitive” analogue k la ligne primitive des Oiseaux; (e) le plan des ebauches se 
distingue par la position “intradiscale” du blastopore, compietement separe de la 
masse vitelline ; (/) il y a dissociation complete entre la gastrulation proprement dite 
et repibolie de I’epiblaste extra-embryonnaire. 

(7) Chez les Oiseaux et Mammiferes, (fl) la question difficile et controversee de 
la formation et de la signification de I’embryon didermique est discut^e, (b) sont 
d^rits les “mouvements simultan^s” des deux feuillets primaires, apparition 
nouvelle dont depend T^longation de la zone blastoporale, (c) la thfese faisant de la 
ligne primitive un blastopore au sens cin 4 tique du mot est defendue, (d) les mouve- 
ments morphog^n^tiques sont decrits en accord avec ceux des autres Vert6br6s, 
(e) le plan des ebauches est figure de la m^e fa9on que celui des Reptiles. 

B. (i) La gastraea didermique de Haed^el n’a plus qu’un int^rfet historique; 
on ne peut d^finir la gastrulation par des formes; les formes gastrul^ennes sont 
contingentes et dependent de la chronologie variable des mouvements morpho- 
g^netiques; ceux-d seuls peuvent nous d^finir la gastrulation qui est une cin^tique. 

(2) L’intervention ^ventuelle de “proliferations” dans le mecanisme de la 
gastrulation est discutee: aucune preuve positive n’en a ete donnee jusqu’ici; con- 
trairement k la these de Holmdahl la morphogdnese des Vertebres doit fitre con- 
siderde comme unitaire. 

(3) Deux formes gastruieennes sont constantes, mais il importe d’insister sur 
leur signification reelle. Le fetdUet n’est pas un organe primitif, mais un rang de 
cellules suivant le mdne chemin; le blastopore n’est pas une “bouche primitive” 
mais le point d’entr^e des cellules k I’interieur du germe. 

(4) Les variations de la gastrulation chez les Chord's sont pass^es en revue en 
t^chant, autant qu’il se pent, d’en donner un aper9U causal. 
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ADDENDUM 

Au dernier congr^ (i939) de rAnatomische Gesellschaft, Vogt {Anat. Anz. 88, 
Eig-heft, p. 1 12 ) a repris sa th^e sur rorigine des mat^ux caudaux des Urodte 
au stade de la plaque mMuUaire. Les ^bauches somitiques seraient localis^es unique- 
ment au niveau des bourrelets m^duUaires, tandis que le fond de la plaque, au 
contact de la l^vre dorsale de la fente blastoporale, serait occupy par du materiel 
chordal. Vogt combat ainsi ^nergiquement les conclusions de Bijtel et de Nakamura, 
qui vouent int^gralement aux mat^riaux somitiques la partie post^rieure de la 
plaque neurale. Des marques de contrdle (Axolotl et Pleurod^e), faites ces 
demi^res semaines, me pennettent un avis cat^orique: la th^e de Bijtel et de 
Nakamura est exacte, celle de Vogt erron^e (sous presse : Bull, Acad, Belg, Cl. Set.). 
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I. INTRODUCTION 

The study of hearing in insects has a long and honourable history. Johannes Muller 
(1826) was the first of a succession of scientists famous in other fields who have been 
attracted by the problem. Nevertheless, two causes have operated to prevent a 
scientific analysis. The first is technical. Although sound as a stimulus is theoretically 
capable of the most precise adjustment as to intensity, frequency, wave form and 
direction, it is only in the last decade that such adjustment has become possible in 
practice, and the production of sound stimuli of known characteristics is still a 
matter of considerable difficulty and expense. Moreover, since this technical 
advance has been due almost entirely to the development of wirdess tdephony and 
of the speaking film, it has been directed towards air-bome sounds within the com- 
pass of the human ear, and the production of controlled sounds outside this range or 
in the heavier medium of water is exceedingly difficult and uncertain. In the earlier 
work on hearing, therefore, little attempt to control the intensity or ffie harmonic 
content of sound stimuli could be made. It is consequently impossible in most cases 
for a reviewer to asaign the proper weight to pieces of confiicting evidence which have 
been brought forward from time to time. 

The second cause is metaphysical, and centres round the meaning to be attached 
to the word hearing. It cannot be denied that many of the natuiAts of the last 
century applied terms derived from human experience to the responses of anin^ 
with t he greatest freedom and without ^nsidering their imphcationB. A reaction 

^ Beit Menoiial Researdi FdlofW. 
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followed, largely influenced by Loeb and von Uexkiill, tending towards an entirely 
mechanistic outlook and culminating in the proposal of Beer et al. (1899) elimi- 
nate from the study of invertebrate behaviour all reference to human experience. 
They proposed to substitute new terms, e.g. phonoreception for hearing, photo- 
reception for vision, etc. This proposal largely failed of its object. On the one hand, 
it was ignored by the majority of naturalists and morphologists. On the other, where 
it was adopted by the experimentalists, they often took over the new terms, but used 
them merely as synonyms for the old. The language was new , but the meaning was the 
same, and the core of the problem remained untouched. This problem, restated with 
reference to the subject of this review, is briefly the problem of defining the nature 
of the evidence which will justify the attribution of a sense of hearing to animals 
which differ radically from man in their organization and into whose “minds”, if 
such exist, we have in the nature of things no opportunity of seeing. Quite clearly 
the substitution of the term “phonoreception” for hearing evades the real issue. For 
phonoreception, if it means anything, means sensitivity to sound or responsiveness 
to sound ; and sound unqualified means a class of stimuli which produce the sensa- 
tion of hearing in normal human beings. The use of the term phonoreception, there- 
fore, at most implies that we have no means of estimating the quality of the sensory 
experience of lower animals and therefore no justification in assuming that it has 
anything in common with the human experience of hearing. It has in no way cleared 
up the muddle which inevitably arises when a human observer endeavours to distin- 
guish between phonic and tactile senses in an animal on the basis of his own sensory 
experience. This confusion is apparent right through the literature up to the present 
time. Von Buddenbrock (1937) distinguishes between a “sensitivity to vibrations” 
mediated by tactile end-organs and “der echte Gehorsinn** and defines the latter as 
foUovra; “Wir werden einen Gehorsinn nur dann als bewiesen ansehen, wenn sich 
nachweisen l^st, dass das betreffende Sinnesorgan seiner Struktur nach spezifisch 
auf die Wahmehmung von Schallwellen eingestellt ist. Das Kriterium des 
Gehdrsinns ist daher das besonders ausgebildete Gehdrorgan, welches als charac- 
terisches Element in stets wiederkehrende Weise eine oder mehrere Membranen 
besitzt, die zum Mitschwingen durch Resomnz befahigt sind.” The italics are mine. 
Such a definition is clearly founded on the human analogy. The first sentence seems 
to imply that there is some fundamental distinction between sound waves and other 
mechanical stimuli, presumably on the grounds that touch and hearing are distinct 
in man, for the assumption can hardly be maintained in the face of the evidence 
bearing on the evolution of sound receptors either in vertebrate or other animals . 
But the second sentence goes even further. The final criterion of an auditory organ 
is not its specific sensitivity to sound waves, but a resemblance in certain arbitrary 
structural particulars to the human ear. If this criterion be accepted, fish are de^ 
by defimtion (but cf, von Frisch, 1936^), and only those insects with tymp ani c 
organs can hear. It is then necessary to invent another sense, sensitivity to vibrations 
or Ersckutterungssmn to explain the responsiveness to sound of animala which have 
no eckter Geh&rsittn. This invention has had unfortunate consequences, because of 

' BkiogiaU Rgviaot. 
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the tendency to regard sensitivity to vibrations as a special kind of touch sense in 
quite a separate category from true hearing instead of regarding it as including true 
hearing, which would be both logical and consistent with what is known of the 
evolution of hearing organs. 

In this review I shall adopt the following definitions. An insect will be said to 
hear when it is demonstrably responsive to sound. An auditory organ is one which 
can be shown to mediate the above response or which can itself be shown by more 
direct means to respond to sound. Sound is arbitrarily defined as consisting of 
disturbances of the air of low intensity irrespective of whether or not they are of such 
a frequency and intensity as to produce the sensation of hearing in a human being. 
This definition of sound is open to objections. First, it excludes water-borne sounds. 
This is at the present moment immaterial, since our information about the responses 
of insects in water to sound is practically nil, and what little there is is incondusive. 
Secondly, it excludes sounds transmitted through the substrate. Below I shall refer 
briefly to the evidence for the sensitivity of insects to sounds of this kind, though it 
is not strictly within the province of this review. Thirdly, the only distinction made 
between hearing and the tactile senses is based on the intensity factor and is quite 
arbitrary. At the present time no confusion arises in practice because the sensitivity 
of the auditory organs so far investigated is of a different order from the sensitivity 
of end-organs usually regarded as tactile. But the distinction is not fundamental, 
and it can be regarded as certain that further work will demonstrate the existence of 
end-organs intermediate in sensitivity between “ hearing” and “tactile ” end-organs. 
There will then be no justification for attempting a sharp separation. 

Efistorically scientific interest focused first on the tympanic organs of the 
Orthoptera. Muller (1826) described the structure of the tympanic organ of an 
acridiid and assigned an auditory function to it on morphological grounds, ^ough he 
provided no experimental evidence. Von Siebold (1844) first described the tympanic 
organs of tettigoniids and gryllids as auditory organs, also without experimental con- 
firmation. Johnston (1855) showed that chordotonal^ organs were not only found in 
association with tympanic membranes but also occurred in the second antennal joint 
of Insects of different Orders, reaching a relatively very large size and a considerable 
elaboration of structure in the antennae of culicids. These observations led him to 
ascribe an auditory function to the antennae, a view which later received support 
from Mayer (1874) who showed that the long hairs on the antennae of male culicids 

^ The words “organ” and “chordotonal” need explanation. The terminology of insect sensory 
structures was elaborated before there was experiment^ evidence as to the function of the majority 
of such structures. In l^-ngliah the tenn senaillisn (pL Bensilla) or alternatively aensilla {pi. senaillae) 
is used to denote the equivalent in insects of a sensory end-organ in vertebratea, viz. die primary sense 
cell and functionally associated structures. In Grennan and sometimes in Rngliah the word organ is 
applied to a aingle sensillum, e.g. campanifoxm senaillum = kuppelfdrmigss Organ. The common 
Eiigilish usage is, however, toapply the term organ only to groups of similar aensilla and I have adopted 
this practice. 

The word chordotonal derives from the early belief, vdiich is certainly untenable, that the sensilk 
associated with tympanic organs were resonant elements like stretched strings. Nowadaya it is 
customary to apply die adjective chordotonal (Grennan st^^Shrend) to all aensilla which present a 
aimilar histological picture to those associated with tyn^ianic organs. Ihis practice, though logically 
indefensible, 1^ bMn hallowed by cuatmn, and will be adopted hm. 
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were resonant to a tone of the same pitch as the hum of the female in flight, and con- 
cluded that their vibration might be transmitted to Johnston’s organ. A number of 
earlier observations (Kirby & Spence, 1828; Newport, 1836; Hicks, 1859; Will, 
188 5) had been taken to indicate an auditory function for the antennae on the ground 
that many insects of diverse orders responded to sounds by moving them. This was 
clearly of little evidential value. Many mammals respond to sound by reflex move- 
ments of the eyes. Lehmann (quoted by Lubbock 1 888, Ch. v), moreover, had shown 
long before that crickets remained as responsive to sound after removal of the 
antennae as before. But Rudow (1870) still regarded the antennae as the primary audi- 
tory organs on the grounds that responsive movements could be obtained by sound 
stimulation of the head of a decapitated cricket. Moreover, experimental evidence of 
the responsiveness of insects not possessed of tympanic organs was accumulating. It 
was already clear to Lubbock (1888) that the conflict could only be resolved if neither 
tympanic organs nor antennae were the sole auditory organs. Meanwhile the work 
of L^dig, Hicks, Graber, Burger and F. Muller had demonstrated that chordotonal 
organs were present in all the principal orders of insects (see Graber, 1882^) both in 
early larvae and adults. (Tympanic organs are foimd only in adults and late nymphal 
instars.) It began to seem impossible that the function of all chordotonal sensilla was 
responsiveness to sound, just as it also seemed impossible to attribute all responses 
to sound to chordotonal sensilla. This then was the position up till the first decade of 
this century. Responses to sound had been demonstrated in a wide variety of 
insects. Organs which might be responsive to sound had also been described in a 
much smaller number. But no careful experimental work had been done to link the 
morphological knowledge with the many scattered observations of behaviour.^ The 
advances which have been made since that period are in a large measure due to the 
exemplary experiments of Regen and Minnich to which detailed reference will be 
made below. It is with the experimental evidence that this review vwll be chiefly 
concerned. For structural details the reader is referred particularly to the compre- 
hensive monographs of Schwabe (1906), Sihler (1924), Snodgrass (1926) and Eggers 
(1928). 

In order that the experimental evidence reviewed below shall be comprehensible, 
it is necessary to include here a very brief and non-technical disquisition on the 
physics of sound detection. In a homogeneous medium a local disturbance such as 
might be caused by the expansion of a small volume of the medium will produce 
both a local increase in. pressure and a displacement of contiguous particles away from 
the source of the disturbance. In a medium with finite density and compressibility 
such a disturbance will be transmitted as a spherical wave, so that at some later time 
more distant regions of the medium will ^erience both a pressure increase and a 
displacement. In a fluid and non-rigid medium such as air or water the velocity of 
transmission of the wave is determined solely by the density and compressibility of 

^ Graber (i88a6) had de mon strated the responsiveness of a oo^roach (Blatta germanica) to 
sound. The responsiveness was here undoubtedly mediated by the «nq1 cerd (see below) and no^ as 
Graber believed, by chordotonal sensilla. His experiments on Corixa were not confirmed by Hage- 
matui (xgro). 



Ill 


Hearing in insects 

the medium and the displacement is radial and normal to the wave front. The mag- 
nitudes of pressure change and of displacement are inversely proportional to the 
distance from the source. It is important to realize that the above statements are 
true not only for periodic disturbances of such a frequency that, humanly speaking, 
they are termed sound waves, but of any type of disturbance whatever, whether 
periodic or not, with the proviso that the proportionality law does not hold in the 
neighbourhood of the source for large and rapid displacements.^ 

When the disturbances are periodic and sinusoidal, it can be shown theoretically 
that the pressure amplitude (p) and the displacement amplitude {$) at any point 
distant from the source are connected by the following expression; 

p* _ Qi^^pC j 

pc 2 ~ ’ 

where <o= angular frequency (i.e. frequency in cycles per second x ztt), p=5 density 
of the medium, c is the velocity of propagation of waves in the medium, and 
/= intensity of the wave train, defined as the power transmitted across unit area 
normal to the wave front at that point. 



Fig. I. Diagrams illustrating in section the essential structure of (a) a pressure receiver, (6) and (c) 
di^lacement receivers. In (a) and (6) the diaphragm (Ml line) and in (c) the hinged vane are sup- 
ped to be connected to recording apparatus whi<^ register their di^lacement with respect to 
the casing (sohd black). The dotted line in (h) indicates that the back of the casing is transparent to 
sound. 

It is obvious from the foregoing account that such propagated disturbances can 
be detected by an instrument of appropriate sensitivity and speed which is responsive 
either to pressure changes or to displacements of the medium. An instrument of the 
former type is comparable in principle to an aneroid barometer; one of the latter 
type is comparable in principle to a wind-gauge. 

The essential structure of an instrument for detecting pressure variations is shown 
in Fig. I a. It consists of a massive chamber closed by a stiff diaphragm whose ex- 
cursions can be measured by some recording system (not shown). The conditions of 
its working purely as a pressure receiver are that the walls of the chamber shall be 

^ A further correction is necessary if the displacement is so rapid that the pressure changes are no 
longer sensibly adiabatic (Heizfel^ W. F. & Bice, F. O. (1938) Phys. Rev. 31 , 691). 





112 


R. J. PUMPHREY 

opaque to sound, that the diaphragm shall be so stiff that its displacement is vanish- 
ingly small and that neither the diaphragm nor the chamber shall be resonant to the 
sound frequencies under consideration. If these conditions could be fulfilled, which 
is only approximately possible in practice, the excursions of the diaphragm would be 
proportional to the pressure amplitude and therefore to the square root of the 
intensity irrespective of frequency. Moreover, since pressure is a scalar quantity, 
the orientation of the instrument with respect to the direction of propagation of the 
sound is a matter of indifference, provided that the pressure is uniform over the 
surface of the diaphragm, i.e. the instrument is small compared with the wave length 
of the sound. Most of the microphones in common use and probably the middle ear 
and tympanic membrane of a mammal resemble such a pressure receiver in their 
behaviour. 

The essential structure of a displacement receiver is shown in Fig. i b, c. The 
diaphragm or moving vane should ideally be without mass, and the hinge or suspen- 
sion completely pliant so that the moving parts follow the movements of the air 
exactly. If these conditions could be fulfilled, the excursion of the diaphragm or vane 
would be equal to the normal component of the displacement amplitude and so 
proportional to \/'I for constant frequency and to i/a> for constant I, Displacement 
being a vector quantity, the maximum effect is produced by sound whose incidence is 
normal to the plane of the diaphragm or vane. The ribbon microphone is a displace- 
ment receiver of this kind. And, as will be shown, it is probable that all insect 
auditory organs are displacement rather than pressure receptors. 

II. THE TYMPANIC ORGANS OF INSECTS 

Tympanic organs are paired structures which occur in the Orthoptera, Hemi- 
ptera and Lepidoptera. They consist alwa}^ of a thinned region of the exo-skeleton, 
the primary tympanic membrane, associated with air sacs and a chordotonal organ. 

In the Lepidoptera they are known to occur only in the superfamilies Noctuoidea, 
Geometroidea and some of the Pyraloidea. They are found only in the imagines. 
They may be in the forepart of the abdomen (Geometroidea, Pyraloidea) or in the 
metathorax (Noctuoidea). 

In the Hemiptera they are only found in the Cicadidae.^ They occur in the 
abdomen, and are probably only functional in the adult. 

In the Orthoptera they occur in most species of Acridiidae, Tettigoniidae and 
GryUidae. In the first of these femilies they occur in the abdomen, in the second 
and third at the proximal end of the tibiae of the first pair of legs. Here also, though 
they may be visible in late nymphal instars, they are only fully developed and 
probably only functional in the adult. 

The primary tympanic membrane, when it is situated on the body, generally lies 
in a deft which forms an external meatus and may be further protect^ by the folded 
wings or the femur of the third leg or both. Associated with the tibid tympanic 

^ The so-called tyio^nnic organs of Corixa, Plea, etc., are omitted from thin discussion owing to 
the sc ant i n e a s evidence as to their function, but see Graber (i88a h), Hagemann (1910) and Wefel- 
scheid (1912). 
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organ there were generally two tympanic membranes on opposite aspects of the 
tibia. In many genera these membranes are protected by heavy folds of cuticle 
which enclose them save for a small pore or slit (e.g. Decticus, Figs. 2a, ^e). In 
GrylltiSj where both membranes are completely exposed, but the posterior one is both 
larger and more delicate, there is a protective device which seems never to have been 
described. There is on each tibia a hair sensillum with a very long and slender, though 
stiff, hair directed towards the rear and situated immediately below the membrane 
(Fig. 2b), and in the intact animal, a slight touch on this hair evokes an immediate 
avoiding response. This hair sensillum resembles certain others which are present m 
all instars, but it is developed in this position only when the posterior tympanic 
membrane develops, i.e. in the last larval instar and the adult. 



Fig. 2. (a) Side and rear vieiK'a of the tibia of Z?ecttcur(Tettigoziiidae) showing the slit-like openings of 
the tympanic cavities (after Schwabe, 1906). (b) Outline drawing of the tibia of Gryllus seen from the 
side and slightly behind: p.t. posterior tympanic membrane; x.h. long hair of the hair sensillum; 
/. femur; t. tibia. 

The chordotonal organs may be directly apposed to the inner aspect of the 
primary tympanic membrane (Acridiidae, Lepidoptera, Fig. c), or applied to its 
edge (cicadas, Fig. 4<f) or not directly in contact with it (Tettigoniidae, Fig. 4^, 
Giyllidae). Thvy may contain large numbers of sense cells (1500 or more in cicadas) 
or few (2-4 in moths). The fundamental structure of the sensory elements of a 
chordotonal organ is similar in all. Each sensillum consists of three cells, the primary 
sense cell and two other cells (Fig. 3). The primary sense cell is characterized by 
inclusions, the axial rod and scolopale, which are constantly present though the 
proportions are variable in different species. It would appear probable that ^cita- 
tion of the primary sense cell is occasioned by displacement of the axial rod with 
respect td the scolopale. 
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As was pointed out in the Introduction, chordotonal sensilla occur throughout 
the insects, in larvae as well as adults, though tympanic organs occur only in adults 
and are sporadically distributed. It seems relatively certain, although there is no 
direct evidence, that the primitive function of chordotonal sensilla is a propriocep- 
tive one— to register the displacement of one part of the skeleton with respect to 
another (cf. Hertweck, 1931). The development of a special proprioceptive function 
as in the ^^ing bases and halteres of Diptera or an exteroceptive function as in 
tympanic organs and perhaps in Johnston’s organ is a subsequent adaptation of a 



pre-«i^ systo to meet a special need. The presence of elaborate 

m the tibiae of Hymsnopteta tirbich have no tympanic oroans and in the 
tibiae of the ^nd and third legs of tettigoniids and gryffids in a position cone- 
^^g te that rf the tympanic organs of the few pair is very suggestive. It may 
well be the case that the tibial chordotonal organs were developed as receptors for 
vibmtory stmab tamsinitted through the substrate, before association with a tym- 
^ ^brane rendered them more specificaUy sensitive to air-borne sounds 
rf tte stib^tej^’ ^ evidence for the sensitivity of ants to vibrations 
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The presence of air sacs, large expansions of the tracheal vessels in association 
with the tympanic membrane, is characteristic of all tympanic organs. Their p rimar y 
purpose is, no doubt, to decrease both the damping and the effective inertia of the 
membrane by providing it with a backing of air instead of tissue fluids. The air sacs 
and their associated spiracle which is generally enlarged have often been compared 
functionally with the cavity of the middle ear and the Eustachian tube of mammals. 
It is particularly noticeable, however, that there is either a secondary tympanic 
membrane (Lepidoptera, Fig. 4c, tettigoniids. Fig. 46, gryllids), or else the air sacs 
are so arranged that a series of air chambers connects the two primary tympanic 
membranes directly (cicadas, Fig. 4^, acridiids. Fig. 4^). Sound therefore in all cases 
may reach the primary membrane from either side. This type of architecture is in 
sharp contrast with the mammalian arrangement where the tympanic membrane 
covers an opening of a chamber, the middle ear, whose walls are everywhere thick 
and practically opaque to sound ; and it can hardly be doubted that it is of functional 
importance since it is attained in all the tympanic organs of insects though by 
different means in different cases. Such an arrangement suggests for one thing that the 
tympanic membrane responds rather to displacement of the air than to the pressure 
change, a belief which is supported by experimental evidence (see pp. 122-123). 

As was intimated in the Introduction, the first attempt at a thorough analysis of 
the function of tympanic organa was that of Regen. His experiments were limited to 
the cricket, Lyogryllus campestriSf and a long-hom grasshopper, Thamnotrison 
apterus ( = PhoUdoptera apteTd)^ in both of which the tympanic organs are situated in 
the tibiae of the forelegs. To him belongs the credit of introducing electrical sound 
reproduction into the study of insect hearing and in 1913 he showed that the female 
cricket was attracted to a telephone which transmitted the chirping of a male in 
another room. This response (1923) was obtainable only from the adult but unmated 
female, though both sexes are provided with tympanic organs in the adult and in the 
last larval instar. The dependence of the response not only on the sex but on the 
physiological condition of the experimental animal probably may be taken as 
explaining a great deal of the conflicting evidence in older work. 

His approach to Thamnotrizon was different (1914). He had observed that two 
males in the same vicinity showed a tendency to sing in concert. The analysis of such 
a concert showed considerable complexity. Tliere was a Vorspiel and zNachspielj but 
almost always an intermediate period in which the chirps of the two performers 
alternated in a regular manne r. The very occurrence of such concerts demonstrated 
that hearing occurred, and Regen took advantage of it (1926) to see whether a male 
could be persuaded to alternate with an artificial partner. At first he was completely 
unsuccessful and the result of his intervention was the immediate suppression of the 
song. But he found that by taking males which had only just entered on the adult 
condition, he could persuade them to alternate with a wide variety of instrumental 
noises. Important consequences of this fundamental observation will be considered 
below. Here it is only necessary to say that it indicated a range of sensitivity from 
somewhere in the neighbourhood of 400 c./sec. to more than 28,000 c./8ec. No 
determinations were made of the limingl intensity at any frequency. In both the 
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Fig. 4 (a) Inner aspect of the tynspanic otgan of Mecosthetm (Acndudae) (6) Transverse section 
thinui^ the abdomen oi Mecotthetus at the le^ el of the tympamc organs, showmg the chain of air sacs 
connecting the tympana (c) Schematic horizontal section through a noctuid moth, showing the 
arrangement of piunary and seccmdaiy tympana and the connecting air sacs, (d) Horizontal section 
of tyno^Mmic organ of Cuxidetta. The mtemal air space is contmuous with that behmd the opposite 
tympamc organ, (e) Transverse section of tympamc organ of Decttcus. T, tympamc membrane; Ti 
and Tft pnmaty and secondary tympamc membranes, C, choidotonal organ, ((a), (b) and (e) after 
Schwihe, (c) ai^ Eggers and (d) af^ Vogel.) 



cricket and the grasshopper (1914) he proved that bilateral extirpation of the tym- 
panic organs abolished the normal responses, though some residual sensitivity to 
sound could be demonstiated. 

Wever & Bray (1933) inserted electrodes into the femur of the foreleg of crickets 
and tettigomids. The electrodes were connected to an amphfier and speakei so that 
the electrical response m the neive of the leg was made audible when the tympamc 
organ was excited by tones from an oscillator and other sound sources They found 
that the adequate range of frequencies for the cricket was 250-10,000 c. 'sec and for 
atettigomid (unnamed, but either Amhlycorypha oblongtfoha 01 Ptefophylla camelh- 



Fig 5. (a) Threshold cuive for tympanic oi:gazi8of./2r;pAiaxu(pAt(7fa averaged from Wever’s figures 
for four mdividuals (b) Threshold curve for a single isolated tympamc organ of Locusta (c) For 
comparison mean human threshold subjectively detemuned, from Wegel (193a) In this figure and 
subsequently the threshold of an auditory organ detemuned osollograp^cally is that mtensity of 
sound which produces m the auditory nerve a just perceptibly greater duchaige of impulses thari is 
evident when no sound impmges on the organ 


folta)i 800-45,000 c./sec. They noted, moreover, that the response to all adequate 
frequencies was asynchronous, i.e. the nerve impulses were apparently random, and 
the character of the discharge was not affected by the frequency of the incident 
stimulus. 

Pumphrey & Rawdon-Smith(i936h), in an examination of the response of the ab- 
dommal tympanic organ of the locust {Locusta migratoria nagtatomides) by a similar 
method, detemuned the threshold mtenaties for frequencies up to io,ooo c.jstc. 
Their data and those of Wever on another acridiid, Arphia sulphareat converted to 
similar ordinates are shown in Fig. 5. Wever placed his recording electrodes *'on or 
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near” the metathoradc ganglion. Pumphrey & Rawdon-Smith dissected out the 
tympanal nerve and freed it from its central connexions, thereby avoiding reflex 
activation of the tympanal muscle and other disturbances of central origin. It is 
very likely that the consistently higher threshold obtained by Wever was due to the 
difference of technique rather than to any marked dissimilarity in the properties of 
the tympanic organs in these two genera. The function of tympanal muscles (found 
not only in acridiids but in Lepidoptera and Hemiptera) is not known, but it is 
probably similar to that of the tensor tympani of mammds. The nervous response 
was asynchronous (1936 1 and Wever, 1935), like that of the tympanic organ of the 
cricket. 

In sharp contrast with the mammalian ear and with some other auditory 
mechanisms in insects, the tympanic organ of the locust does not seem to be sus- 
ceptible to fatigue.^ No diminution in the response to a 2000 c./sec. tone could be 
detected after half a minute’s continuous stimulation (1936c). 

The available information about the t3mipanic organs of the Lepidoptera is very 
slender. The fact of hearing seems to be established. A number of noctuids and 
geometrida have been shown to react to artificial sounds, Stobbe (1911), Turner 
(1914), Turner & Schwarz (1914), Eggers (1925, 1926). 

According to Eggers, who used as a stimulus a high pitched squeak produced by 
twisting a glass stopper in a bottle, a reaction was obtainable exclusively from Lepi- 
doptera w'hich possessed tympanic organs. Turner & Schwarz record reproducible 
responses of Catocala spp. to high-pitched Galton whistles, but in one species, 
Catocala itia^ responses were obtained to an organ pipe (256 c./sec.) and Turner 
describes similar responses in several satumiids to pipe notes of the same frequency. 
Saiurnia has no tympanic organs and in Catocala it is unlikely that the response to 
notes of relatively low pitch is mediated by tympanic organs, in view of what is 
known of the frequency range of such organs in other insects. Probably the receptors 
involved are sensory hairs (see below). On the other hand, responsiveness to tones 
of high pitch and to “squeaks” seems to be a prerogative of moths possessing 
tympanic organs. 

Here, as in Orthoptera, functional tympanic organs are probably connected with 
a mating response. According to Eggers they are absent in the flightless females of 
some noctuoid genera. Peter (1912) describes a case (endrosa var. ramosa) where the 
male makes a crackling noise in flight to which the female responds by shaking her 
wings and body. Quite possibly the males in other genera make noises inaudible to 
human ears which may either guide the female or by exciting her to movement make 
her conspicuous to the male who is seeking satisfaction. Some authors (e.g. Turner) 
however, have beheved that the flight reaction is without sexual significance. They 
have noted that the sounds which are most effective in producing the reaction re- 
semble in pitch the squeaks of bats and field mice and have concluded that auditory 

' This refers to the response to pure tones. The "synchronous” response to an amplitude 
"carrier” lai) shows "alternation” and "equilibration” eocaclly analogous to the 
phenomena obaerred in the response of die cercus (p. las) and the TnaTtimnlimi codilear nerve in 
reqxmse to pure tones. 
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sensitivity in this range may enable the insect to escape these animals which are its 
natural enemies. Turner & Schwarz (1914) and Eggers (1928) give good summaries 
of the earlier literature. 

Information about the auditory powers of the cicadas is even more scanty. Fritz 
Muller has described an alternating concert in South American cicadas and Leydig 
observed that the cicadas in the vineyards round Wurzburg were excited to more 
vigorous singing by the drums of the garrison on parade (see Eggers, 1928, p. 327). 
Fabre, however, failed to produce any effect on the cicada song in Provence by the 
discharge of the largest cannon which he was able to borrow (1911). 

III. THE QUESTION OF FREQUENCY DISCRIMINATION 

So long as the attainments of the human ear are taken as a yardstick and the com- 
petence of hearing organs in lower animals is judged by the degree to which they 
approach the human ear structurally and functionally, it is possible to question 
whether insects are able to hear. Even if some dim sense of hearing is allowed to 
them it is arguable, a priori^ (and it has been so argued) that any discrimination of the 
quality of sound is impossible in animals which possess nothing remotely resembling 
a cochlea. But such an argument flies in the face of the facts. It can hardly be ques- 
tioned that Regen’s experiments demonstrate the ability of Thamnotrixon to discri- 
minate between sounds which differ qualitatively irrespective of their intensity. To 
recapitulate, Regen found that males which had just entered on adult life could be 
induced to sing in rhythmic concert with artificially generated sounds over an 
enormous frequency range. Those adults, however, which had already learnt to sing 
in concert with their brethren immedial^y detected any attempt at imposture and 
were reduced to silence no matter how closely (by human criteria) the artificial 
soimds approximated to the natural song. It could conceivably be contested that 
some defect of rhythm in the artificial song rather than a departure from the 
frequency characteristic of the natural chirp was responsible for its detection; but 
this argument is conclusively answered by Regen’s observation that when the arti- 
ficial partner intervened the cessation of song was immediate. No such immediate 
cessation was observed when, as sometimes happened, one partner got out of step in 
the natural alternating concert. It is, therefore, certain that this grasshopper possesses 
a high degree of discrimination of qualitative differences in sound. 

The observations on the cricket are in apparent conflict with the above, for 
Regen states that the unmated female recogiuzes and orientate herself towards the 
telephonically transmitted chirp of the male even though the latter’s song was so 
distorted by transmission as to be quite unrecognizable to the human ear. 

If it is to be assumed that the mechanism of recognition is similar in the cricket 
and the long-hom grasshopper (and there is no reason to doubt it), it becomes 
apparent that the qualities of sound which facilitate recognition in these animals are 
not the same as those which facilitate recognition by the hu man ear. 

It is worth while therefore to attempt to bani^ all preconceptions, not only 
those founded on human sensory experience but also those based on our knowledge 
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of human and mammalian physiology, and to consider what solutions are possible 
within the restrictions imposed by the physical nature of insects, in particular their 
magnitude, and by what is known of the physiology of their receptive organs. 

It is extremely probable that the principal function of tympanic organs is to 
enable detection and recognition of the stridulation (or other noises) produced by 
other indinduals of the same species. It is a matter of common observation that 
such noises are of high pitch close to the upper limit of the human auditory spec- 
trum; and, because of their small size, it would in fact be impossible for insects to 
radiate sounds of low frequency with efficiency. Moreover, as has been shown, 
tympanic organs do not respond to sounds of low frequency and are most sensitive 
in the region of 5000-20,000 c./sec. It can be accepted, therefore, that such faculties 
of discrimination as the insect may possess must be exercised upon sounds whose 
component frequencies are of this order. 

There seem to be only two possible methods by which sounds which differ 
qualitatively can be discriminated irrespective of their relative intensities. The first 
is that different nerve fibres shall be excited by the different frequency components 
of the sound. This is the method of harmonic analysis which is believed with good 
reason to be the method by which frequency discrimination occurs in the mam- 
malian and avian ear. The only alternative possibility is that the same nerve fibres 
flhflil be excited in a different way by different sounds. Since the only variable 
function of the nen’e fibres is xht frequency with which they transmit impulses, this 
alternative possibility can be stated in the form that different sound qualities must 
be represented in the individual fibres of the auditory nerve by different temporal 
patterns of nervous impulses. 

The first alternative is ruled out by the structure of the tympanic organs. It is 
true that the graduation in size of the linearly arranged chordotonal sensiUa in the 
tympanic organs of tettigoniids and gryllids has at times prompted fanciful com- 
parisons with the fibres of the basilar membrane of the cochlea. But it is not credible 
that the sensory end-organs shall themselves be resonant elements resembling 
stretched strings, for this would imply that while they are already under considerable 
tension (that of the basilar membrane fibres is believed to be several tons per 
square inch in the basal turn of the cochlea) they would yet be sensitive to the minute 
increments of tension resulting from very small displacements of the tympanic 
membrane. In the cicadas the chordotonal sensilla are in a single mass and are 
approximately of equal size. In the acridiids it is true that the sensilla are arranged 
in three groups attached to different points on the tympanic membrane. Since the 
latter is not homogeneous and the thickness and stifhiess vary considerably from 
side to side, it is conceivable that frequency discrimination might occur in a 
manner analogous to that put forward for colour discrimination in photopic vision, 
viz. that the displacement of different parts of the tympanic membrane might differ 
relatively for different frequencies, and consequently the relative degree of excita- 
tion of the three groups of sensilla might vary with frequency, Pumphrey & Rawdon- 
Smith (unpublished) succeeded in destroying one of these groups and could find no 
si gnifi ca n t difference in the threshold curves determined before and after the opera- 
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tion. This observation can hardly be taken as proof that frequency discrimination 
does not occur, for, on the analogy viith Hecht’s theory of colour vision, the 
threshold curves of the three groups of sensilla might differ by an amount too 
small to be detected by so crude an approach. The balance of probability is however 
very much gainst frequency discrimination in insects by the method of harmonic 
analysis. 

The second alternative must, therefore, be closely scrutinized, namely that 
different sound qualities are represented by different frequencies of impulses in the 
auditory nerve. It is clear from the evidence quoted above that no detectable 
pattern of impulses is produced by pure tones. It is conceivable though very un- 
likely that regularities might exist but be masked by appearing independently in 
different fibres. No direct disproof is possible until records have been obtained 
from single fibres. However, if this possibility is neglected, it becomes evident that 
insects cannot discriminate betw^een pure tones in the band of frequencies to which 
they are sensitive except on the basis of differences in intensity. It is necessary, 
therefore, to look for some other basis for the discrimination of the quality of sound, 
and a hint is given by the nature of the sound-producing mechanisms of insects. In 
the Orthoptera sounds are produced by rubbing a toothed ridge to and fro across the 
edge of a wing or skeletal element which acts as the radiating surface. In the cicadas 
the characteristic song is produced by the vibrations of a diaphragm plucked by a 
special group of muscles. The detailed analysis of the wave form of such noises has 
not yet been carried out, but it is fairly evident that they must consist of a high 
frequency corresponding to the resonant frequency of the wing or diaphragm or 
other radiating surface and that this hi^ frequency must undergo modulation^ in 
amplitude at a lower frequency corresponding to the rate of incidence of successive 
teeth of the scraper and to the change of direction of the latter, or, in the case of the 
cicadas, to the frequency of the muscular contractions which excite the diaphragm. 
In terms of an electric analogy such a sj^tem is equivalent to a damped resonant 
circuit excited periodically by pulses from a relaxation oscillator. 

That modulation of the resonant frequency is occurring in the production of 
sound by insects is often evident to the human ear from the trill-like character of the 
sound. That amplitude modulation^ of a high frequency note to which the tympamc 
organ of an insect is sensitive may produce a characteristic temporal pattern of 
impulses in its auditory nerve has been demonstrated by Pumphrey & Rawdon- 
Smith (1939). Itis reasonable, therefore, to conclude that it is the modulation pattern 
which characterizes the sound for an insect hearer, since the corresponding nervous 
pattern of impulses depends only on the frequency (and perhaps the form) of the 
modulation and is independent of the modulated frequency provided that the latter 
is within the audible range. A human observer, by contrast, is very sensitive to 
changes of the modulated frequency and quite insensitive over a wide range to 
changes of the modulation frequency. It is, therefore, easy to understand how 

1 When a ^ve train of substantially constant frequency eiperiencM a change in am^tude it u 
said to undergo amplitude moduUiiimt. TTua tenn is generally used of penodic amplitude changfsa, and 
the frequency of the change in amplitude is then known as the modu l a t iim fre^pwicy. 
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insects may recognize as similar sounds which are quite different to human ears and 
conversely may distinguish sounds which to human earn are identical. 

It is important to realize that, if the theory outlined above is correct, what is 
occurring in the tympanic organ is not “frequency discrimination” as ordinarily 
understood. It is true that a high sinusoidal frequency («) modulated sinusoidally 
in amplitude at a lower frequency {ni) can be resolved into three unmodulated com- 
ponent frequencies of «, (n + m) and (n — ni). Such anal3rsis is of extreme importance 
in human acoustic theory for the very reason that the cochlea is a harmonic analyser 
and that the locus of excitation on the basilar membrane depends not primarily on 
the wave form but on the frequency components of the sound irrespective of their 
phase relationships. But the possibility of harmonic analysis of sound of any wave 
form has no special relevance in considering auditory organs which differ from the 
human ear in possessing no peripheral mechanism which is differentially resonant 
and which are free, therefore, from the advantages and defects of such a mechanism. 
A harmonic analyser could not respond to the modulation frequency as such 
because there is no real component of such a frequency in the transmitted sound 
wave, just as there is no component of audio-frequency in the electro-magnetic 
wave train produced by a wireless telephone transmitter. That volleys of impulses 
appear in the insect’s auditory nerve at the modulation frequency demonstrates that 
the tympanic organ is acting rather as a rectifier like the “ detector” of a wireless set. 
Such rectification is, of course, not peculiar 1x> the tympanic organ. It can be shown 
to occur in any instrument employing an asymmetrically loaded diaphragm, in- 
cluding the human ear. The difference is that in the human ear it is a consequence of 
a mechanical imperfection, which has the result of producing various auditory 
illusions, such as “summation” and “difference” tones, whereas in insect hearing it 
is probably the prerequisite of the discriminative process. 


IV. THE QUESTION OF LOCALIZATION 

little information on this point is available except from the work of Regen. In 
1923 he showed that unmated female crickets oriented towards a chirping male at a 
distance of 10 m. or more, and that on an unobstructed floor their movement 
towards the male was substantially along a straight line, though there were con- 
tinual small divergences to left and right. It would seem extremely unlikely that at 
such distances the differential intensity of the sound reaching the two tympanic 
organs would be adequate for orientation; it would not exceed 0-00002% for a 
divergence of 20® at lo m. Moreover, females deprived of one tympanic organ 
reached the male, though by a much more erratic path, and Regen mentioned no 
tendency to execute circus movements about the male as might be expected if either 
differential intensity or phase were the operative agents on the intact animal. It is, 
therefore, indicated that each tympanic oi^in is itself a directional instrument, i.e. it 
responds to displacement or velocity which are vectorial functions of sound rather 
than to pressure. This is in conformity with its structure (p. 115). Moreover, 
Pumphrey & Rawdon-Smith (unpublished), using a monophasic transient as a test 
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stimulus, have determined the threshold amplitude required to stimulate the isolated 
tjTnpanic organ of the locust as a function of the angle of incidence. In Fig. 6 the 
sensitivity (reciprocal of the logarithm of threshold amplitude) has been plotted 
against direction of incidence, so that the distance of a point from the origin repre- 
sents the sensitivity for sounds propagated along the line joining the point to the 
origin. 

It is clear, therefore, that this tympanic organ baa directional characteristics. 
This directional sensitivity is noteworthy because the assumption has so often been 



Fig. 6. Sensitivity of an isolated tympanic organ of Xoaofa plotted on polar co-ordinates as a function 
of the directi<m of incidence of tl^ test stim^us, Sensitiyity (log reciprocal of ihrealudd amplitude) 
is plotted radially and the minimum sensitivity is arbittarily talra to be aero. The line o-xSo** lies 
in the sagittal plane of the animal, and for angles of positive or native sign the test stimulus is 
incident on the external or internal aspect of the Qrmpanie organ respectively. 

made in the past that tympanic organs, like Tnamnialian ears, are pressure receptors. 
For example, Autrum (1936), in developing a theory that auditory organs in arthro- 
pods are velocity (iScftti/ZsrAw/fe) receptors, sa]^: "Die entwic^elte Theorie gilt fOr 
alien Arthropoden, somit sie keine TrommelfeUe hesitxen** 

It is also noteworthy that since monophasic transients were used and the curves 
in Fig. 6 are nearly symmetrical about die sagittal plane, the tympanic organ is 
itself nearly symmetrical and responds both to a "push” and a “pull”. This was 
independently confirmed by reversing the direction of the transient for a fixed 
dire^on of incidence; no difierence either in the form of the nerve d i sc h a r ge or in 
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the latenc}’ could be detected when a negative pulse was substituted for a positive. 
This behaviour is also in sharp contrast with the behaviour of vertebrate auditory 
organs. 

V. HAIR SENSILLA AS AUDITORY ORGANS 

As was stated above the responses of insects to sound are by no means limited to 
insects possessing tympanic organs. 

iMinnich (1925, 1936) has investigated the response of a considerable number of 
lepidopterous l^ae. In the earlier work he used the hairy caterpillars of Vanessa 
antiopa. These respond to adequate acoustic stimulation by a contraction of the 
dorsd longitudinal muscles which in the intact animal raises the anterior third of 
the animal from the substrate. The response can, however, be readily detected in 
fragments of the caterpillar and Minnich used this fact to show that the receptors 
were generally distributed over the body, though they were less dense, or less 
susceptible, in the posterior third. Minnich used as his ordinary stimulus the 
decremental note produced by a tuning-fork whose arms were pressed together a 
standard distance and suddenly released. The upper limit of frequency to which a 
response could be obtained was in the neighbourhood of 1000 c./sec., though it 
could be pushed somewhat higher by using higher intensities. The lower limit was 
not reached at 32 c./sec. The response was greatly reduced or abolished when the 
hairs covering the caterpillars were clogged with a water-spray or with flour and 
returned when the water evaporated or the flour was removed. The response to 
sound was masked or inhibited by a constant air stream impinging on the animals. 
Taken together, these last two observations show conclusively that the hair sensilla 
are in fact the receptors concerned. Minnich believed that the hairs might be 
resonant structures, and endeavoured to demonstrate this by fatiguing the response 
to one fixed frequency and then testing for a response to another frequency. If 
the hairs were resonant, then, since they were different lengths and sizes, it would 
be espected that different hairs would be excited by the tones, C (256 c./sec.), 
G (348 c./sec.) and C' (512 c./sec.), and therefore that fatigue of one group (assuming 
that fatigue was peripheral and not central) should leave the response of the others 
unaffected. What he actually found was that fatiguing at a low frequency inhibited 
the response to higher frequencies, but that fatiguing to a higher frequency left the 
response to lower frequencies relatively unaffected. This is inconsistent with the 
resonance interpretation, but is easily explained in the light of the observations of 
Pumphrey & Rawdon-Smith (below). In 1935 Minni ch repeated some of these 
experiments with a number of other larvae. He found that from all of these a 
response, sometimes of contraction of the longitudinal dorsal muscles, sometimeB of 
“freezing”, could be obtained. It is noteworthy that some of these larvae were 
relatively hairless, and, though the intensity factor was not controlled, it seems 
implicit in the text that the threshold for these forms was hi gher and the range of 
frequencies to which a response could be obtained about the same. He was unable 
to confirm Abbott* s (1927) observation that the larvae of Datanaperspicua responded 
only to certain definite frequencies. 
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The tentative conclusion to be drawn from IMinnich’s observations is that the 
sensitivity to sound is mediated by hair sensilla, certainly in the hairy forms and 
probably in the relatively hairless forms, that such hair sensilla are not resonant and 
that they respond more readily to low frequencies than to high. 

Pumphrey & Rawdon-Smith (1936a, h) recorded oscillographically the response 
of the cereal nerve of a number of Orthoptera when the anal cercus was excited by 
pure continuous tones, derived from an oscillator and speaker. The function of the 
cercus was not previously known, though the structure of the sensilla had been 
described by Sihler (1924), who also by a number of experiments had shown that it 
was not an olfactory organ as had been surmised by Meindoo owing to the presence 
of numerous campaniform sensilla. Its responsiveness to sound was discovered 
accidentally and the remarkable similarity of the oscillograms from the cereal nerve 



Fig. 7. Section of tlie base of a long hair sensiUum from the anal cercus of Orylbu ( X iioo). On the 
same scale tbe h«if (Hr) would be a to 3 m. in length. Sx, Sense cell witli its dendrite (dt. 

in contact with the hair. (From Sihler, 1924.) 

in response to pure tones to those obtained from the cochlear nerve of mammals 
excited immediate interest. Pumphrey & Rawdon-Smith found that the response 
was inhibited by entangling the hairs with dust or vaseline and concluded that the 
responsive end-organs were the long hair sensilla (Fig. 7). These hairs are so lightly 
hinged that they will visibly move in response to air movements far too slight to be 
detectable by the human s^ or the hairs on the back of the hand. They can also be 
excited to visible movement by sounds of adequate intensity and show no special 
preference for a particular frequency, i.e. they are non-resonant. 

The nervous response is synchronoi^ at least initially, up to a frequency of 
800 c./8ec. (Fig. 8) and like that of the mammalian cochlear nerve may show “alter- 
nation” (Davis, 1935). The threshold curve is of considerable theoretical interest 
(Fig. 9) as it shows that these hair sensilla act as pure displacement receptors over 
the range Pumphr^ & Rawdon-Smith were able to investigate. In Fig. 9 the heavy 
line which fits the experimental points very well corresponds to a constant displace- 
ment amplitude of 560 A. Assuming that the hair acts as a rigid lever, it is possible 
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to form an approximate estimate of the threshold displacement of the dendrite at the 
base, and to conclude that it cannot greatly exceed 0-5 A., and may be much less. 
It would seem likely, therefore, that the limit of useful sensitivity has been closely 
approached. Indeed, it is possible that the residual activity always detectable in the 
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Fig. 8. Osdllognms of the lespome of die cereal nerve of the cricket, when pure tones of various 
frequencies are incident on the cercus. At these frequencies the response is synchronous. 

cereal nerve in surroundings made as silent as possible is due to occasional excitation 
of the end-organs by Brownian agitatiem of the mollies in their vicinity. 

These figures are for the cricket, but very similar responses are obtainable from 
the anal cerd of the cockroach (Pumphrey & Rawdon-Smith, 1936 a) and the locust. 
If it is legitimate to assume that the hairs on Minnich’s caterpillars resemble 
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those of the cercus in their properties, a ready explanation is available for his experi- 
ments on fatigue. For stimuli of equal intensity, those of lower frequency will be 
much louder to the experimental animal than those of higher frequency and may 
consequently be presumed to have a more fatiguing effect. It is not, therefore, 
necessary in this case to postulate resonant elements. 

One significant difference may be noted between these hair receptors and tym- 
panic organs. The latter are characteristic of the adult condition, and it is probably 
fair to say that their development is always connected with a mating response. The 



Fig. 9. The points represent experimentally determined thresholds for a cercus preparation of 
Otyl^ for pure tones at the indicated frequenaes. The heavy line (a) corresponds to a constant 
di^lacement amphtude of 560 A. The curve (6) is drawn from Wegd’s figures for the human threshold 
of hearing. 

hair sensilla on the other hand are characteristic of all stages of development In the 
cricket the hair sensilla of the cercus are present in the early larvae and are certainly 
functional in the smallest instais which it was possible to dissect 

VI. OTHER ACOUSTICALLY SENSITIVE RECEPTORS 

Pumphrey & Rawdon-Smith (19366) have recorded a response in the abdominal 
segment^ nerves of the locust in response to sounds of frequencies in the neigh- 
bourhood of 1400 c./8ec. The form of the response curve (Fig. lo) suggested that 
some fairly sharply tuned resonant structure was involved and th^ attributed the 
response to sensory hairs sufficiently short and stiff to be resonant to a frequencty of 
1400 c./sec. No positive evidence for this hypothesis was obtained, and it is perhaps 
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more probable that the response was due to segmental chordotonal sensilla.^ This is 
suggested by the fact that the number of active fibres in each segmental nerve 
appeared to be extremely few (probably two). In these preparations it was very 
e\ident that the frequency of nervous impulses bore no relation to the frequency of 
the incident sound but increased wth increasing intensity. These preparations 
showed little trace of fatigue in response to continuous stimulation, therein re- 
sembling the chordotonal sensilla of the tympanic organ and differing from the 
preparations of auditory hair sensilla. 

Autnim (1936) has investigated the auditory sensitivity of ants. His experiments 
seem to show conclusively that the ants he studied (Formica rufa^ MyrnUca spp., 



Fig. 10. Threshold curve for acoustically sensitive end-organs with afferent fibres in the segmental 
abdominal nerves of Laeusta (? segmental chordotonal sensilla). Reference level as in the earlier 
figures. Note that the absolute maximum sensitivity is much lower than for the other auditory organs. 

Lasius spp.) are deaf to their own stridulation, but may respond to very loud artificial 
sounds. His method of demonstrating that the ants responded to displacement of 
the air (or some function of it) and not to pressure change was ingenious. Sound was 
directed vertically downwards upon a reflecting surface, thereby setting up standing 
waves. Ants walking upon the reflecting surface are in a region of maximum pressure 
change and minimum displacement and such ants did not respond at all to the 
sound. Other ants suspended upon gau2» above the reflecting surface at an antinode 
where the displacement was TnATimal and the pressure amplitude minimal responded 
vigorously. Autrum is incorrect, however, in supposing that his experiments demon- 

1 S^meatal chordotonal sensilla have not been demonstrated in the locust, but there are sevenQr- 
six pairs in another acridiid, Melanopbu (Slifer, 1936). 
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strate that it is necessarily the velocity {SchalhchneUe, i.e. the first differential of the 
displacement) which is the determining factor. Displacement, velocity and accelera- 
tion are all maximal at an antinode and this method does not permit of discrimina- 
tion between them. The sounds used were very loud indeed, 90-110 phons (= 10®- 
10^^ times the threshold intensity for the human ear at 1000 cycles). It would, 
therefore, seem very unlikely that air-bome soimds play any appreciable part in the 
perceptual field of the ant. Autrum seems to believe that the antennae are the 
receptors involved in his experiments, though no conclusive evidence is given in 
support of this view. It would seem equally probable that at such intensities the 
whole ant would be displaced sufficiently with respect to the gauze on which it 
walked for the excitement of the chordotonal organs in the legs (cf. Fielde & 
Parker, 1904). 

As has been pointed out above, the name “chordotonal organ” has come to be 
construed in a structural rather than a functional sense. Nevertheless, the presence 
of such an organ (Johnston’s organ) in the base of the antennae of most insects has 
been taken to imply an auditory function for these appendages. The experimental 
evidence for such a view is very meagre. The observations of Mayer quoted in the 
Introduction do not necessarily imply that Johnston’s organ is involved, for the long 
hairs on the antennae of male gnats are probably directly innervated and may respond 
to sound in a way similar to other long sensory hairs. From the work of Hollick 
(communication to the Society for Experimental Biology, 1939) it appears that in 
cycloraphous Diptera Johnston’s organ responds to displacement of the antenna by 
air currents and plays an important part in flight in mediating the reflex adjustment 
of the wing-beat to the appropriate form for a given air velocity. According to 
Eggers (1926 a), the same organ in Gyrimis responds to changes in curvature of the 
water surface. Johnston’s organ is, therefore, obviously rather a labile structure and 
the possibility of its mediating sound reception in some insects can by no means be 
ruled out. The subject needs further investigation. 

VII. CONCLUSION 

The present time is perhaps a happy one for reviewing the experimental findings 
on the physiology of audition in insects in relation to their behaviour. The brilliant 
morphological work of generations culminating in the monographs of Schwabe and 
Eggers enables the experimentalist to approach the subject with almost as full a 
knowledge of peripheral structures as has the mammalian physiologist. At the same 
time the experimental period has been short enough for a reviewer to be able to 
cover it fairly adequately without either rejecting relevant material or writing at 
intolerable length. If is to be hoped that t^ review will be helpful in indicating 
some of the directions in which further experimental work is urgently necessary. In 
particular, field observations by naturalists who are informed as to the properties of 
insect auditory organs mi^t be extremely helpful to the experimentalists. 

It will be obvious that much remains to be done. It is a great pity that nothing 
is known of the central coimexions of the fibres from tympanic organs in any insect, 
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still less of the destination of the second and third order neurones. In the case of the 
cercus of Orthoptera, Pumphrey & Rawdon-Smith (1937) traced oscillographically 
second order neurones running the length of the cord to the cerebral ganglia, and 
Pringle (personal communication) has found that the leg muscles of the cockroach 
are innervated by “fast” fibres which are apparently excited by collaterals of these 
neurones. Minnich’s experiments make it clear that in caterpillars there are local 
segmental reflex arcs involved in the response to sound. On the other hand, in those 
insects with tympanic organs in which appropriate sound stimulation leads to more 
complex responses, it seems fairly certain that there must be a process of integration 
requiring a more complex neural organization than can be found in the segmental 
ganglia. But there is as yet no evidence either for or against the existence of auditory 
centres in the brain. 

Again we are still extremely ignorant of the actual wave form of the noises pro- 
duced by the insects themselves. Until these have been analysed, any assumptions 
as to the method of “frequency discrimination” must remain largely hypothetical, 
for it seems fairly certain that in most cases it is in respect of these particular kinds of 
noises that discrimination is best. 

Yet a third limitation is the extremely narrow field over which physiological 
experimentation has been carried on. There are many groups of insects in which 
responses to sound have been reliably reported, but which have been omitted or 
mentioned only in parenthesis in this review, Coleoptera, Hymenoptera, Ephemerop- 
tera, Isoptera, etc. Of particular interest are those cases where the insects make 
noises which would seem a suitable means of communication. It passes belief that 
stridulating organs should have been evolved, as has actually been suggested, as a 
sump for surplus nervous energy, and until it can be demonstrated that such 
mechanisms serve some biological function other than communication, it is necessary 
to regard experiments purporting to show that the sotmds produced are not per- 
ceived by other individuals of the same species with great reserve. 


VIII. SUMMARY 

I. The difficulties attending precise definition of auditory organs are discussed 
and a sketch of the early work on insect hearing is given. 

a. A brief account is given of the nature of soimd and of the physical conditions 
which different types of auditory receptor must fulfil. 

3. The tympanic organs of insects, though undoubtedly of independent origin 
in the different groups of insects in which they occur, are shown to have a common 
structural plan; and the implications of this fact are discussed. 

4. An account is given of the important experimental work of Regen which fiirst 
conclusively established the auditory function of tympanic organs in Orthoptera, and 
of subsequent work upon these organs in Orthoptera, Lepidoptera and Hemiptera. 

5 . Experimental work indicating that tympanic organs may mediate a qualitative 
discrimination between different soimds is reviewed, and a tentative explanation of 
these observations is submitted. 
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6. Regen’s experiments indicating the ability of gryllids to localize a sound 
source with considerable precision are described. It is sho^\^l that this ability might 
be expected from the physical structure of tympanic organs, and some direct 
evidence of their directional properties is presented. 

7. The evidence of auditory powers in insects unprovided with tympanic organs 
is reviewed. It is shown that hair sensilla are in certain instances receptors for 
sounds of relatively low frequency, in contrast with tympanic organs which respond 
only to relatively high frequencies. 

8. Other possible sound receptors are briefly discussed. 

It is a pleasure to acknowledge my indebtedness to Dr A. D. Imms for his 
kindness in reading the manuscript of this review and for his friendly criticism. 

IX. REFERENCES 

Abbott, C. E. (1927). “The reaction of Datana larvae to sounds.” Psyefie, 34 , 139-33. 

Auger, D. & Fessard, A. (1938). “ Ob3er\’ations sur l*excitabilit6 de I’organe tympanique du criquet.” 
C.R. Soc, Biol., Paris, 99 , 400-1. 

Autrum, H. (1936}. “Ueber LautaUsserungen und Schallwahmehmung bei Arthropoden.” Z. 
vergl. Physiol. 23 , 333-73. 

Baibr, L. J. (1930). “Contribution to the physiology of the stridulation and hearing of insects." 

Zool. 3 ®. Abt. 3. Allg. Zool. u. Physiol. kTt, 151-348. 

Beer, T., Bbthe, A. & von UexkOll, J. (1899). “ VorschilSge zu einer objectivierenden Nomenklatur 
in der Physiologic des Nervensystema." Biol. Zbl. 19 , 517-31. 

VON Buddenbrock, W. (1937). Grundriss der vergleichenden Physiologie, 1 , Zweite AuBago. Berlin: 
Bomtraeger. 

Davis, H. (1935). “The electrical phenomena of die cochlea and the auditory nerve.” y. acoust. 
Soc. Amer. 6, 305. 

Demoll, R. (1917). Die Sitmesorgane der Arthropoden, ihr Bau und ihre Funktion. 

Derbyshire, A. J. & Davis, H. (1935). “Action potentials in the auditory nerve.” Amer. J. Physiol. 
113 , 476-504. 

Egoers, F. (1935). “ Versuchc Uber das Gehdr der Noctuiden.” Z. vergl. Physiol. 2, 397-314. 

(1936 a). “ Die mutmasaliche Funktion des Johnstonschen Organs bei Gyrinus.’* Zool. Ana. 68, 

1^-93. 

(19366). “ Beobachtungen ilber das Gehdr und Fluchtinstinkt bei Eulenschmetterlingen.*’ 
Sclvr. natunc. Ver. Schl.~Holst. 17 , 335-33. 

(1938). Die stgtfahrenden Sitmesorgane. Zoologische Baustmne, 2. Berlin. 

Fabre, j. H. (1911). Social Life in the Insect World. 

Fielde, a. M. & Parker, G. H. (1904). “The reaction of ants to material vibrations.” Proc. 
Acad. Sei. Phila. 56 , 643. 

VON Frisch, K. (1936). “Ueber den Gehdrsinn der Fische.” Biol. Rev. 11 , 310-46. 

Graber, V. (i88aa). “Die chordotonalen Sinnesorgane und das Gehdr der Insekten. 1 . Moipho> 
logischer Teil." Arch. nukr. Anat. 20, 506-640. 

(18836). “Die chordotonalen Sinnesorgane und das Gehdr der Insekten. II. Physiologischer 

Teil.” Arch. mkr. Amt. 21, 65-145. 

Hagemann, j. (1910). “ BeitrBge zur Kenntnis von Corixa.” Zool. Jb. Abt. 3. Atmt. u. Ontog. 30 , 
394-414. 

Henssn, V. (1866). “ Ueber das Gehdrorgan von Locusta.” Z. tciss. Zool. 16 , 190-^07. 

Hertwece, H. (1931). “Anatomie und Variabilitit des Nervensystems und der Sinnesorgane von 
Drosophila melanogaster (IVIeigen)." Z. tciss. Zool. 139 , S 59 '^ 3 . 

Hicks (see Lubbock, J. (1S88)). The Senses of Animals, p. 96. 

Johnston, C. (1855). "Auditory apparatus of the Culex mosquito.” Quart, y. mier. Sei. 3 , 97. 

VON Kennhsl, j. & Eggers, F. (1933). “Die abdominalen Tympanalorgane der Lepidopteren.** 
Zool. 3 * 6 ., Abt. 3. Anat. u. Ontt^. 57 , 1-104. 

Kirby, W. & Spence, W. (1838). Introduction to Entomology, 5th ed. 

KrOning, F. (1935). "Ueber die Drenur der Biene auf Tfine.” Biol. 2 X 1 . 45 , 496-507. 

Leydig, F. (i860). “Ueber Gerucha- und GehOrorgane der Krebse und Insekten.” Arch. Anat. 
Physiol, pp. 399-305. 



132 


R. J. PUMPHREY 


LtraBOCK, J. (1888). The Semes of Animals. London. 

Mayer, A. M. (1874). “ Researches in acoustics.*’ Amer. J. Set. 8. 

Minnich, D. E. (1925). “The reactions of the larvae of Vanessa antiopa Linn, to sounds.” J. exp. 
Zool 42 , 443-69. 

(1936). “The responses of caterpillars to sounds.” J. exp. Zool. 72 , 439^53. 

MOller, j. (1826). Zw vergleichettden Physiologie des Gesichtsinnes des Memchm und der Tiere. 
Leipzig. 

Myers, J. G. (1929). Imect Singers. London. 

Newport (1836). “On the uses of the antennae of insects.” Tram. R. ent. Soc. Land., 2. 

Peter, K. (1912). “ Versuche tlbcr das Hdrvermdgen eines Schmctterlings (Endrosa var. ramosa).'' 
Biol. Zbl. 32 , 724-31. 

PuMPHREV, R. J. & Rawdon-Smith, A. F. (i 936 <*)* “Synchronized action potentials in the cereal 
nerve of the cockroach (Periplaneta americand) in response to auditory stimuli.” J. Physiol. 87 , 
4-P- 

(19366). “ Sensitivity of insects to sound.” Nature, Lond., 137 , 990. 

(1936 c). “ Hearing in insects : The nature of the response of certain receptors to auditory 

stimuli.” Proc. roy. Soc. B, 121, 18-27. 

(1937). “ Synaptic transmission of nervous impulses through the last abdominal ganglion 
of the cockroach.” Proc. roy. Soc. B, 122 , 106—18. 

(1939). “‘Frequency discrimination ’in insects: A new theory.” Nature, Lond., lLi3,So6. 

Radl, E. (1905}. “Ueher das GehSr der Insekten.” Biol. Zbl. 25 , 1-5. 

Regen, J. (19^). “ Das tympanale Sinnesorgan von Thamnotrizon apterus Fab. als Gehdrapparat 
experiment^ nachgewiesen.” S.B. Akad. Wiss. Wien, 117 . 

(X912). “Experimentelle Untersuchungen ttber das Gehdr von Lyogryllus." Zool. Amt. 40 , 

305-16. 

(1913 a). “Haben die Anteimen filr die altemierende Stridulation von Thamnotrizon apterus 

Fab. eino Bedeutung?” IflUg. Arch. ges. Physiol. IBS, 245. 

(1913 b). “ Ueber die Anlockung des Weibchens von Gryllus campestris L. durch telephonisch- 

Ubertrkgende StridulationslaUte des Mlnnchens.” PflOg. Arch. ges. Physiol. 155 , 193. 

(1914). “Untersuchungen liber die Stridulation und das Gehdr von Thamnotrizon apterm 

Fab.” S.B. Akad. Wiss. Wien, 123 , 853-92. 

(1923). “ Ueber die Orientierung des Weibchens von Lyogryllus campestris L. nach dem Stridu- 

lationsschall des Mfinnehens.” SPI. Akad. Wiss. Wien, 132 , 81-8. 

(1926). “Ueber die Beeinflilssung der Stridulatioa von Thamnotrizon apterus Fab. durch 
kilnsdich erzeugte T 5 ne und vers^edenartige Gerfiusche.” SJB. Akad. Wiss. Wien, 135 , 
329-58. 

Romanes, O. J. (1877). “ The sense of hearing in birds and insects.” Nature, Lond., 15 , 177. 

Rudow, F. (1870). “Einige Beobachtungen Qber die Lebensweise der Heuschrecken.” Z. Natum. 
36 . 


Schwabs, J. (1906). “ Beitrfige zur Moiphologie und Histologie der tympanalen Sinnesappatate der 
Orthopteren.” ZooU^ica, 20. 

VON SiEBOLD (1844). " Ueber das Stimm- und GehOrorgan der Orthopteren.” Arch. Naturgesch. 10 , 
52-81. 

SiHLER, H. (1924). “Die Sinnesorgane an der Cerci der Insekten.” Zool.Jb. Abt. 2, Anat. u. Ontag. 
45 , 519-te. 

Snodgrass, R. E. (1926). “ The morphology of insect sense organs and the sensory nervous system.” 
Smithson misc. Coll. 77 , i-So. 

Stobb]^ R. (1911). “Ueber das abdonoinale Sinnesorgan und liber den GehSrsinn der Lepidopteren 
mit besonderer BerUcksichtigung der Noctuiden.” S.B. Ges. naturf. Fr. Berl., pp. 93-105. 
Turner, C. H. (1914). “An expe rim e n ta l study of the auditory powers of the giant silkworm moths 
(Satumidae).” Biol. Bull. Wood’s Hole, 27 , 325-32. 

Tubner, C. H. & Schwarz, E. (1914). “Auditory powers of the Catocala moths.” Biol. Bull. Wood’s 
Hole, 27 , 275-93. 

Vogel, R. (1921). “Ueber das Gehdrorgan der Singzikaden.” Natsamisserttchaften, 9 . 

(1923). “Ueber ein tympanales Sinnesorgan, das mutmassliche HOrorgan der Singzikaden.” 

Z. ges. Anat. 1. Z. Anat. u. Entw. Gesch. 67 , 190-231. 

Wefelscheu}, H. (1912). “Ueber die Biologie und Anatomie von Plea minutissima Leach.” Zool. 

J®. Abt. 1, Syst. 32 , 450-63. 

Wbqbl, R. L. (1932). Ann. Otol., etc., St Louis, 41 , 770. 

WsvER, E. G. (1935). “A study of hearing in the ai^phur-winged grasshopper (Arpkia sulphttrea)." 
y. caa^. Psychol. 20, 17-20. 

Wbver, E. G. & Bray, C. W. (1933)’ **A new method for the study of hearing in insects.” J. cell, 
comp. Physiol 4 , 79-93. 

Wnx, F. (1885). "Das Geschmackaorgan der Insekten.” Z. vtiss. Zool 42 , 674-716. 



ERRATUM 

Vol. IS, No, I, page 27, line 12 from below 
for not read now 




133 


THE FINE STRUCTURE OF BIOLOGICAL SYSTEMS 



By L. E. R. PICKEN 



(Zoological Laboratory, Cambridge) 



(Received 13 June 1939) 



CONTENTS 

PAGE 

1. 

Introduction 

133 

II. 

The history of the micellar theory 

133 

III. 

Linear and laminar fine structure . 

. 138 

IV. 

Subcellular structures 

• 139 

V. 

Extracellular structures 

. 148 

VI. 

Supracellular structures ... 

• 153 

VII. 

Discussion 

. is8 

VIII. 

Summary . . 

. i6a 

IX. 

References ... .... 

. 163 


I. INTRODUCTION 

Had the influence of Darwin’s theory been less powerful, the subjects to be discussed 
here would not perhaps have been forgotten for more than half a century. To-day 
the development of our knowledge of the molecular structure of certain classes of 
materials has made possible the rehabilitation and extension of ideas first developed 
by the botanist, Carl Nageli, in the middle of the last century. 

Nageli studied the structure of plant c^ll walls and of starch grains, examining 
their optical properties (as revealed by the polarizing microscope), and also their 
behaviour (swelling or shrinking) in various media. Some of his views are expounded 
in the book which he wrote with Schwendener, Das Mikroskop (1877), and a valuable 
selection from his writings has been made by Frey (1928). To Nageli we owe the 
term “miceU”. 

II. THE HISTORY OF THE MICELLAR THEORY 

The term “micell” “denotes nothing more than a minute crystal of size far 
beyond the limit s of resolution of the microscope” (Nageli, 1879). Such particles 
were supposed to be the structural units of “ starch grains, plant membranes and 
other organized structures, whether these are composed of protein-like, mucila- 
ginous, elastic, homy or other substances” (Nageli, 1879), properties which 
NSgeli regarded as evidence of micellar structure were birefringence and the power 
of swelling. The birefringence 1 . - ^ order- 
liness of fine stmcture compara als. Since 

the structures in question wer crystalline 
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particles, he postulated the existence of ultramicroscopic crystalline particles—the 
micells. Turning to the swelling phenomena, Nageli pointed out that the particles 
composing a grain of starch, for example, do not pass into solution when the grain 
is placed in water, yet water is taken up and packed away within the grain. He 
concluded, therefore, that the grains are not built up immediately from the ultimate 
molecules, arranged in a continuous and regular manner, but that the first structural 
units are crystalline groups of molecules (micells), which in the imbibed condition 
are separated from each other by a layer of water. 

Critics of Nageli showed that birefringence may be induced in otherwise iso- 
tropic substances if these are placed under strain (in glass, for example). It was 
argued, therefore, that the observed birefringence of certain biological structures 
need not necessarily indicate an ordered structure. Even supposing that in many 
cases the microscopic objects observed were not under strain, it appeared difficult 
to reconcile the be^viour of birefringent cell components with that of birefringent 
crystals. It was observed, for example, that changing the refractive index of the 
medium in contact with the object sometimes chai^d its birefringence, and that 
in certain media the birefringence might fall to zero. 

In 1912, however, Nageli’s ideas were much extended and amplified by Wiener’s 
theoretical discussion of the optical properties of systems consisting of regularly 
arranged, anisodiametric, isotropic particles embedded in an isotropic medium of 
different refractive index. Wiener (1912) showed that if the particles are small m 
one diameter as compared with the wave-length of light, such a system will be 
birefringent, and the magnitude of the double refraction will vary with the refractive 
index of the medium bathing the particles. The theory was continued esperimentally 
by the work of Ambronn and his collaborators (1916, 1926), and led to the prediction 
of various classes of birefringent structures. Two main types of birefringence were 
distinguished; one due to relatively coarse submicroscopic structure, Formdoppel- 
bredmtgi of which the commoner variety is Stabchendoppelbreckung (rodlet 
birefringence), and the other due to the optical anistropy of the particles themselves, 
EigendoppeUtrechmgi which (following Schmitt, 1939) will be referred to here as 
intrinsic birefringence. Structural birefringence varies with the refractive index of 
the surrounding medium; intrinsic birefringence is independent of such change. 
This statement presupposes that the liquids of varying refractive index in which 
birefringence is observed have no action on the micells, that they merely fill the 
intermicellar spaces. 

While the detailed examination of plant tissues in the light of Wiener’s theory 
was due chiefly to Ambronn and his pupil Frey-Wyssling, the extension of the work 
to a nimal cells and tissues — with which we are more particularly concerned here — 
has been due to Schmidt and his pupils. The greater part of the results of the study 
of the optical properties of animal structures described here is token from Schmidt’s 
work. 

The second development of technique, which had led to the confirmation and 
extension of many of Nageli’s ideas, was the discovery by Laue (see Friedrich, 
1922) of the diffraction of X-rays by crystals. The history of this development lies 
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■within the last twenty years. From the results of X-ray analysis, evidence was brought 
forward by Scherrer (see Zsigmondy, 1927) that the particles in a gold sol give rise 
to an X-ray diffraction pattern, just as does a macroscopic crystal of gold (whence 
Zsigmondy’s use of the term “micell” to describe the particles of the disperse phase 
in a colloidal solution). Finally, at Ambronn’s suggestion (see Frey, 1928), Scherrer 
examined the X-ray diffraction patterns of plant fibres and found that the beam was 
difltracted as by a crystalline substance. In this way the crystalhne nature of the 
cellulose micell was established. The analysis of the structure of cellulose fibres was 
extended in 1926 when Sponsler & Dore suggested the first three-dimensional 
model representing the structure and arrangement of the cellulose molecules within 
the micell. This model, which was unsatisfactory from several points of view, ^vas 
replaced by that of Meyer & Mark (1928 a). 

Since that time our knowledge of micellar organization has been made more 
precise, largely as a result of the development of methods of X-ray analysis. We 
know now something of the shape and size of the micells in many natural fibres and 
membranes. In certain cases the arrangement of the molecules within the micell 
and of the atoms within the molecules is known with a fair measure of certainty. 
This is true of cellulose fibres such as ramie (from China-grass, Boehmeria rtivea), 
of silk, and, to a slightly leas extent, of chitin. It is to Meyer & Mark (1928 a, h, 1929), 
who put forward the first satisfactory models of cellulose and silk, that the concept 
of “chain molecules” is due, a concept which has been of great importance for the 
amplification of Nageli’s original picture of micellar organization. 

The term “chain molecule” is used to denote molecules which are composed of 
atoms or groups of atoms united in a linear series by primary valences. The pro- 
perties of such molecules are, as we shall see, of profound importance for the 
explanation of the peculiar and characteristic properties of organized substance. 

Gemgross et al. (1930) were among the first to suggest that the micells are 
incompletely separated one from another; that is, they are not completely discrete 
crystallites, as conceived by Nageli. From their work on the fine structure of the 
gelatin gel, they concluded that the chain molecules may be considerably longer than 
the crystallites themselves, and may participate in the formation of several micells 
(Fig. i). In other words, a gelatin gel may be pictured as an intricate tangle of chain 
molecules bundled together in certain regions to form minute crystal-like aggr^tes. 
The gel contains an amorphous ‘ ‘ liquid ’ ’ component — ^the tangled chain molecules — 
and a more “solid”, “crystalline” component — the micells; the same chain mole- 
cules may participate in both components. 

In 1937 Frey-Wyssling was able to extend the picture of micellar constitution 
by determining the size of the intermicellar (submicuoscopic) spaces in ramie fibres 
(cellulose). This was done by impregnating the fibres ■with gold and estimating the 
size of the gold particles between ■the cellulose micells from the width of the gold 
lines in the X-ray diffraction pattern of the impr^inated fibres. He found this 
system of spacos to form a continuous network throughout the fibre. The spaces 
were of about the same dimensions as the cellulose micells — 5*^"^ ^ wide and 500- 
600 A long (1937 a, b). 
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The third and most recently developed line of attack has arisen from the study 
of the mechanical properties of natural and synthetic high polymers, that is, of 
compounds of very high molecular weight built up from units of low molecular 
weight united by primary valences. Such work has been developed by K. H. 
Meyer and his collaborators and extended to the study of tendon and elastic 
ligament (Meyer & Ferri, 1936), muscle (Meyer & Picken, 1937) and elastoidin 
(Picken, 1937). The value of this line of attack is that it provides information about 
the shape and properties of molecules which are not necessarily united to form 
miceHs; that is, we may obtain insight into the structure of amorphous materials 
from a study of their mechanical properties and in particular their elastic and 



Fig. 1. A. Diagram sho^ving the aasociation of portions of long chain molecules to form paralld 
bundles (“dyst^tes*'). B. Stretching leads to the parallel orientation of the molecules and “crys- 
tallites”. (A^ Gem^ss et ed. 1930; Frey-Wyssling, 1939.) 


theimoelastic properties. It is now realized that the presence of long flexible chain 
molecules is responsible for the high reversible extensibility shown by many natural 
products — ^rubber, muscle, elastin, and collagen and elastoidin above a certain 
temperature — as well as synthetic, rubber-like, organic substances such as polyvinyl 
acetate, polyvinyl alcohol, polystyrene, etc., and inorganic substances in the “elastic” 
condition— sulphur, selenium, polyphosphonitrilic chloride, etc. In the rubber- 
like state such molecules tend to assume highly probable conflguralions. Stretching 
leads to the straightening and orientation of the flexible chains (Figs. 1 B, 2); their 
configurations become less probable (in the thermodynamic sense). When the 
deforming force is removed, thermal s^tation leads to the chains asamning hi^y 
probable configurations once more and the object contracts. If such a rubber-like 
object is stretched and the length kept constant, the elastic force exerted increases as 
the temperature rises, diminishes as the temperature Ms. 

In a normal elastic solid, deformation results in the displacement of atoms or 
groups of atoms from positiorfi of minimal potential energy; the internal energy 
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increases on stretching, only to diminish when tension is removed, and the object 
contracts. Stretched at constant length, the elastic force exerted by such an object 
(as, for example, by a steel spring) diminishes on warming, and increases on cooling. 

A nibber-like substance behaves in a hindamentally different way; it may be 
stretched without any change in internal energy taking place — ^the chains are 
simply straightened out (Meyer & Ferri, 1935), 
or the internal energy may even diminish on 
stretching, if, as a result of orientation, the 
chains are brought into alignment such that 
they form crystallites with the liberation of 
heat of crystallization. The presence of rubber- 
like high reversible extensibility in an object 
enables us to say at once that its elastic pro- 
perties are due to the presence of long flexible 
chain molecules; the detailed study of these 
elastic properties can take us even flirther 
towards an understanding of its molecular 
structure. 

In the light of present knowledge it seems 
desirable to re-define the term “micell”; for 
while there are certain types of micell— such 
as the crystallites of cellulose and chitin — 
which correspond to Nageli’s definition, there 
are others to which the adjective “ crystalline’* 

is scarcely applicable. It is proposed, therefore, Diagram Ulustrating the conver- 

to define a micell as an anisodiametric particle sion of a Btretched carbon atom diain to 
posses^g some measure of internal structural 

regularity. Such particles are usually built up angles and therefore without increase in 
from chain molecules arranged in a more or 

less orderly manner. This may be little more twisted forms are possible, that is, the 
than an approximate parallelism of the chains configuration is die least prob- 

(as in the simplest type of liquid crystal) or 

the structure may be truly crystalline in the usually accepted sense of the word. 

It is doubtful how far the process by which such molecular aggregates come into 
being is to be compared witli the crystallization of compounds of low molecular 
weight. Growth of ^e chains may occur during their association to form crystallites, 
and existing crystallites may increase in loagth as a result of growth of the individual 
chains ; that is to say, chemical synthesis may be involved. On the other hand, chain 
molecules may under certain circumstances be brought to approximate parallelism 
(as a result of deformation by external forces) without any considerable change in 
internal energy, taking place, that is, in the absence of true crystallization. These 
considerations must be borne in mind in reading what follows. 
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III. LINEAR AND LAMINAR FINE STRUCTURE 

In the presentation of the material to be discussed in this review, the classifi- 
cation proposed by Herzog (1932) will be used as a basis on which to group the types 
of structure to be described. Herzog drew attention to the importance of two main 
types of molecular aggregate in biological systems — ^linear (or fibrous) and laminar 
structures. From a consideration of the types of structure found in skeletal materials 
(in the widest sense), Herzog showed that these may be regarded as built up from a 
series of structural elements of increasing size and complexity. The primary struc- 
tural units are linear macromolecules (chain molecules) which associate to form 
secondary elements — ^linear crystallites, which are again bundled together to give 
primitive fibres. These last lie on the limit of resolution of the microscope and were 
regarded by Herzog as the “primitive biostructures” serving as the structural units 
for still higher types of organization, that is, for macrofibres, in which the primitive 
fibres are bundled together to form a linear structure, and for laminar structures, 
in which the primitive fibres lie side by side forming a sheet one fibre thick. The 
terms “fibrous” and “laminar” will be used here to denote the way in which the 
minute crystaUites composing a particular structure are arranged; that is, either to 
form fibres in which one particular axis of each crystallite is parallel to that axis in 
every other crystallite (fibre structure in Polanyi’s sense ; see Herzog et al. 1920), or 
to form sheets in which the long axes of the micells lie in the plane of the sheet, but 
need not necessarily be parallel to each other (so that all laminar structures are not 
necessarily dissociable into primitive fibres in Herzog's sense). It will be seen that 
the term “fibril” is used in these pj^ as the equivalent of Herzog’s primitive fibre. 

The wide range of structures to be discussed — ^from cilia and chromosomes to 
bone and muscle — ^necessitates a somewhat unusual grouping of the material, 
resembling to some extent the system proposed by Heidenhaia (1923, 1929). All 
parts of cells (cell components in Russell's sense, 1930) will be classed as subcellular ; 
membranes, cilia, mitotic spindles, etc. Fibres and membranes formed extra- 
cellularly will be described as extracellular : fibres of elastoidin, elastin and collagen, 
spicules of various kinds, membranes or fibres of cellulose or chitin. Finally, a group 
of fibres and membranes of multicellular origin, whose macroscopic form is obviously 
related to their micellar and molecular organization, will be classed as supracellular : 
hair, horn, bone, scales, muscles, etc. 

The scope of this review will be limited almost entirely to animal structures, 
not because the botanical material is less abundant (it is perhaps almost richer) but 
in order that there may be space for general discussion of the results reviewed. 
An excellent account of the botanical significance of the chain molecule structure 
of cellulose will be found in a review by Preston (1939).^ No attempt will be made 
to describe the large body of work on the structure of the various ^ds of spicules 
which occur in many groups and which have received attention in recent years 
(see Schmidt, 1924a). Those in search of an introduction to the phenomena of 
bire&ingence may refer to recent reviews by Schmitt & Bear (1939),^ and 
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Preston (1939),^ to Schmidt (1934, 1937 &), to Frey-Wyssling (1939) or to Ambronn 
& Frey (1926). An account of certain aspects of fibre structure is gi\en by Astbury 
(^933)* ^ general account of the whole field of high pohTner studies will be 

found in Meyer & Mark (1930, 1939), 

IV. SUBCELLULAR STRUCTURES 
(i) Fibrous STRUCTURES 

(a) Protein fibres from the sap of viriis<nfected plants 

From the sap of tobacco or tomato plants infected with tobacco mosaic virus, 
needle-like crystals, about 40 fi long, can be isolated. This “ciystalline” protein, 
which has the character of a nucleoprotein, possesses the properties of the virus, 
and no process of purification has yet resulted in the separation of virus activity from 
the protein (Stanley, 1936; Bawden et al. 1936; see also the recent review by 
McFarlane, 1939^). Concentrated solutions of virus proteins have been observed 
to separate into two layers, of which the lower is spontaneously birefringent and the 
upper becomes birefringent when flowing. This tendency of the virus protein 
particles to associate to form birefringent aggregates is of considerable biological 
interest in view of the suggested parallel between viruses and genes (see discussion 
in Gardiner, 1931). Bernal & Fankuchen (1937) have pointed out that the “ crystal- 
linity” of the protein needles is of a spedal kind. The needles show a regular 
repetition of their fundamental units in two dimensions only, that is, in the plane at 
right angles to the long axis; along the needle axis no such regularity is observed. 
The fibres correspond, therefore, to one of the theoretical types of liquid crystal 
(compare also with the structure of polyvinyl acetate, Misch & Picken, 1937). From 
the X-ray difiEraction pattern it appears that the particles are packed in a regular 
hexagonal manner, each particle being about 150 A wide. The X-ray pattern 
also shows that the particles themselves possess a regular internal structure in 
three dimensions, a structure which is similar for three strains and two varieties of 
virus which have been examined. On the other hand, the pattern due to the regular 
spacing of the particles is slightly difler^t in eadi case, and for this reason Bernal & 
Fankuchen (1937) have suggested the possibility of classifying the viruses on the 
basis of the X-ray patterns from virus protein fibres. If we accept the view that the 
virus protein is identical with the virus (as all the evidence suggests), we have here 
anisodiametric organisms, of the same order of size as a large protein molecule, 
which are capable of being packed together to form rudimentary crystals. 

{b) Chromosomes 

A stimulating attempt ” to interpret in molecular terms the postulates of genetics 
and the nature of the gene” has been made by Wrinch (1936), whose arguments 
for an ordered micellar structure of chromosomes have been much strengthened 
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by the recent researches of Schmidt and his collaborators on the optical properties 
of chromatin in a great range of nuclei. Engelmann (1875) drew attention to the 
optical anisotropy of both head and tail in sperm from winter frogs ; he noted that 
the birefringence of the head was negative and that of the tail positive with respect 
to the long axis. Brandt (1885) observed birefringence in nuclei during the Later 
stages of isospore formation in certain Radiolaria (in particular Myxosphaera 
coerulea)\ the nuclei appeared as strongly birefringent, wedge-shaped blocks form- 
ing a sphere bounded by the surface of the central capsule. Squashing the capsules 
or immersion in glycerine led to disappearance of the birefringence, but balsam 
preparations were almost as strongly birefringent as in life. Schmidt (1932^) ^)» 
repeating these observations on radiolarian nuclei, was able to show that the bi- 
refringence of each of the obtusely conical nuclei arranged over the surface of the 
central capsule was negative with respect to the axis of the cone. Such nuclei showed 
traces of fibrillar structure parallel to the axis of the cone, but it was not possible 
to refer the birefringence to definite chromosomes. He observed, however, that 
fibrillar strands of chromatin, obtained from these nuclei by shearing pressure on the 
coverslip, were negatively birefringent with respect to the fibre axis, and retained 
their birefringence in balsam. Treatment with sea water led to the disappearance 
of birefringence, which reappeared on ddiydration in alcohol. The birefringence 
visible in balsam is intrinsic birefringence for, since the threads are invisible 
in ordinary Ughtwhen embedded in balsam, their refractive index must approximate 
to that of balsam. On swelling in water the disappearance of birefringence may be 
due to compensation of the negative intrinsic component of the birefringence by 
positive structural birefringence, or to the disorientation of the micells during 
imbibition. 

In metazoa, Schmidt (19286, 1932 a) was able to show birefringence in nuclei 
of the gut cells in ophioplutei and echinoplutei fixed with absolute alcohol 
and mounted in balsam. Later (1936 a, b) it was possible to demonstrate the bi- 
refringence of the chromosomes of cleaving eggs of Psammechinus miUaris. The 
chromosomes are positively birefringent with respect to their long axis. This means 
that the negative birefringence of the chromatin micells is overcompensated by 
positive structural birefringence, assuming (as is probable) that spiralization does 
not occur in these chromosomes. 

Schmidt has pointed out that Wrinch’s assumption, that the chromosomes are 
bundles of polypeptide chains held together by transversely disposed nucleic acid 
molecules, is not reconcilable with the observed birefringence of chromosomes and 
of nucleic add. He finds that the chromomeres of the s^vary-gland chromosomes 
oiChironomus are negatively birefringent with respect to the long ads of the chromo- 
some (Schmidt, 1938 c). Since fibres of thymonucleic add jelly are also negatively 
birefringent, and since solutions of nuddc add exhibit negative birefrin^nce of 
flow (Signer fit al. X938), it is to be concluded that the molecules of thymonuddc 
add are negatively birefringent with respect to thdr long axis and, therefore, that 
the molecules of nuddc add in the diromomeres lie parallel to the polypeptide 
chains. This picture is supported by the findings of .Anbury & Bell (1938), who 
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observed an identity period of 3-34 A along the fibre axis in X-ray diagrams from 
stretched films of thymonucleic acid. This period, which corresponds to the spacing 
of the nucleotides, is almost the same as the length of a fully stretched polypeptide 
residue. They suggested that this may make possible the association of polypeptide 
and nucleotide chains. This suggestion has been confirmed b\ their work on a 
fibrous compound of dupein and thymonucleic acid (Astbury & Bell, 19386) in 
which they have shown that the nucleotides fit directly on to the side chains of a 
fully extended polypeptide chain. The optical properties of this compound are 
analogous to those of straight chromosomes. 

In extension of the work on chromatin, Schmidt (19376) has examined the optical 
properties of strips of sodium a-thymonucleate jelly. On stretching previoush 
isotropic strips, these become strongly negatively birefringent with respect to the long 
axis. Since stretching will lead to the orientation of anisodiametric particles with 
their longest axis parallel to the direction of stretching, the birefringence observed 
cannot be structural birefringence (which w'ould be positive) and is presumably, 
therefore, negative intrinsic birefringence. Suitably prepared strips of stretched 
jelly, dehydrated with absolute alcohol, showr the silky sheen of tendon, suggestive 
of fibrous structure ; their fibrous character is confirmed by microscopic examination. 
Certain parts of the strips may show weak positive birefringence (structural birefrin- 
gence) which disappears when the material is immersed in balsam (»d balsam 
sodium a-thymonucleate). From a variety of experiments Schmidt concludes that 
sodium a-thymonucleate jelly consists of anisodiametric particles which may be 
orientated by stretching and show a marked tendency to adopt fibrillar arrange- 
ment. The fibrils so formed shorten and thicken when allowed to swell or when 
treated with certain reagents, and their birefringence diminishes or disappears 
under such conditions. 

Schmidt emphasizes the parallel between the high elastic extensibility of the 
sodium a-thymonucleate gel and that of the chromatin threads of spermatocytes 
(Chambers, 1924), and of the nucleus of the red blood corpuscles of Amphibia 
(Seifriz, 1927), and concludes that the properties of the nucleic acid jelly make it 
certain that many of the optical and mechanical properties of the chromatin of the 
nucleus are due to its nucleic add component llie parallel between the behaviour 
of chromosomes and the tendency of fibrillar structures to split longitudinally, 
to swell laterally and to contract, is immediately apparent. 

Schmidt’s study of the chromatin of the sperm head will be discussed later. 

(c) Asters and spindles 

Schmidt (1936a, 6) has demonstrated the positive birefringence of spindle and 
asters in living cleaving eggs of Psammechinus mHarist each aster showing a positive 
spherite cross. Since the aster fibres end fredy in the cytoplasm, it is difficult to 
imagine that the birefringence is due to tension. On squashing the eggs the spindle 
retains its form as a solid body and only loses its birefringence when it begins to 
swell under the action of the sea water. The conception of the spindle as a micellar 
aggregate of the fibrillar type (which its optical properties suggest) is supported by 
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its anisotropic shrinkage on dehydration. B 61 af (1929) showed that the width of the 
spindle dimin i sh es considerably on dehydration while its length remains unchanged. 
This occurs in all fibrillar structures in which water is packed between orientated 
anisodiametric particles. 


{d) Contractile fibrils 

Engelmann (1875) found all contractile protein fibrils which he examined to be 
positively birefringent with respect to the long axis, and he concluded that all such 
fibrils possess an orderly internal structure. This conclusion is confirmed and ex- 
tended to-day as a result of work on one particular type of contractile fibril — that 
which is present in muscle fibres. Since the observations of Briicke (1848) on the 
birefringence of striped muscle, an enormous literature has grown up, which it is 
impossible and lumecessaiy to review here. Reference may be made to the books of 
Schmidt (1924 <2, 1937 A), and to papers by Fischer (1936), Weber (1933), von 
Muralt (1933) and Boehm (1934). Engelmann’s evidence for the orderly structure 
of contractile fibres has been added to in several different ways: (i) by an analysis 
of the form and micellar birefringence in resting and contracting muscle (see Schmidt, 
1937^; von Muralt, 1932); (a) by an analysis of the birefringence of myosin fibrils 
and a study of the birefringence of flow of myosin solutions (von Muralt & Edsall, 
1930); (3) by the study of the X-ray diffraction patterns of living muscles — ^both 
resting and contracting (Boehm, 1931 ; M^er & Picken, 1937; Astbury, 1938), and 
of dried muscles and myosin films and filaments (Boehm & Weber, 1932; Astbury 
et al. 1935 a, 6, 1936) ; and (4) by the study of the elastic properties and in particular 
of the thermo-elastic properties of living, resting muscles and their comparison 
with the properties of rubber-like high polymers, both natural and synthetic (see 
Meyer & Picken, 1937, for complete references). 

(i) Muscle fibrils. 

The two ends of a muscle fibril are held together by a loose three-dimensional 
network of flexible, long chain, polypeptide molecules in the meshes of which lie 
similar free chains (Meyer & Pidken, 1937). The chains (that is, the myosin mole- 
cules) are associated in certain regions to form minute “crystallites ” — ^liquid crystals 
possessing a rudimentary three-dimensional regularity (from X-ray evidence, Boehm, 
1931; Meyer & Picken, 1937; and from the thermoelastic properties, Meyer & 
Picken, 1937). A certain fraction of the micells are orientated with their long axes 
parallel to the fibril axis (X-ray and birefringence data), and the orientation can be 
slightly increased by stretching the musde as is shown by X-ray evidence (Meyer & 
Picken, 1937) and birefringence data. Fischer (1936) showed that a slight increase 
in structural birefringence takes place on stretching the muscle, but it appears that 
the micells are mostly parallel to the fibril axis even in the resting, unstretched 
muscle. The study of the birefringence of muscle fibrils by Stubel (1923), Weber 
(1933), and Fischer (1936), has indicated that this is in part structural birefring^ce 
and in part positive intrinsic birefringence. Since the micells are mostly parallel to 
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the fibril axis, the muscle fibril is to be regarded as an ideal Mischkorper (Wiener), 
in which the regularity of the micellar arrangement is already maximal. 

The chain network is responsible for the rubber-like elastic and thermoelastic 
properties of resting muscle — properties which it shares not only with rubber but 
with many other high polymers showing high reversible extensibility (Meyer & 
Picken, 1937). 

X-ray studies of living muscles have shown that there is a periodic structure 
in the plane at right angles to the fibril axis repeated at intervals of 10 A (Boehm, 
1931 ; Meyer & Picken, 1937), and one along the fibril axis repeated at intervals of 
c. 5 A. The transverse spacing may be compared with that shown by keratin 
(Astbury & Dickinson, 1935 a, i), and may perhaps be identified with the average 
length of the side chains between neighbouring protein chains. The resemblances be- 
tween dried muscles, myosin films and fibres, and keratin fibres will be discussed later. 

It is clear that the myosin chains are continuous from one end of the fibril to 
the other, even though the fibril may show striation and appear to be divided into 
alternating segments of isotropic and anisotropic material. The view most generall}' 
held (see von Muralt, 1933) is that the isotropic segments are regions in which the 
micells are orientated entirely at random, while in the anisotropic regions they are 
for the most part parallel to the fibril axis. In any case, the molecular network must 
be continuous. It is possible to induce striped fibrils to lose their striation without 
the fibril ceasing to be excitable (Liang, 1936), and the conversion of smooth fibres 
to striped is well known in development, as is the converse change in pathological 
conditions (see Schmidt, 1937^). Bernal (1937) has suggested that the striation is 
comparable to the layering of concentrated solutions of anisotropic particles ob- 
served in capillary tubes (see, for example, van Iterson, 1934), and may be inter- 
preted as the n^ost efiGicient way of packing flexible chain molecules in narrow tubes 
with maximum utilization of the space available. We have to account, however, for 
the fact that the whole fibre is striated — ^the striations of all the fibrils occur at the 
same level — and that the fibres appear to be held together at the isotropic layers 
(Schmidt, 1937 &). It seems not impossible that striation within the fibril is due to 
an effect such as Bernal suggests, and that outside the fibril a network of some kind 
holds the fibrils together at the isotropic layers (Liang, 1936). 

Various lin% of evidence point to the conclusion that the contraction of a muscle 
fibril is associated with a change in the configuration of the myosin chains, such that 
the structure of the contracted musde is less orientated than that of the resting 
muscle. Many workers have observed that the birefringence diminishes during 
isotonic contraction (see Schmidt, 1937!^), and von Muralt (1932) demonstrated a 
diminution in birefringence of the sartorious muscle of the frog during isometric 
contraction. The X-ray diffraction pattern shows a corresponding disappearance of 
orientation during isotonic contraction (Boehm, 1931 ; M^er & Picken, 1937; but 
according to Boehm a slight enhancement of the degree of orientation during iso- 
metric contraction). Astbury (1938) finds that the changes in the X-ray diagram 
during isotonic contraction rraemble those observed in the supercontraction of 
keratin (see p. 154). The disorientation which occurs is disproportionately small in 
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relation to the contraction observed. Fischer (1936) offers reasons for believing 
that the contraction depends essentially on internal rearrangement of the micella 
rather than on disorientation of the micella as such. 

There are grounds then for believing that the change in shape of a muscle fibril 
on stimulation is but the sum of changes taking place in the myosin molecules. 
Fibrillar structure serves to mak e visible microscopically — and eventually macro- 
scopically— the effects of change in molecular configuration of the constituent 
molecules. With this scheme in mind we shall now examine the evidence for a similar 
structure in other contractile fibrils. 

(ii) Myonmes. 

Engelmaim (1875) estimated the brilliance of the stalk myoneme of Zoothamniuvi 
viewed between crossed nicols as at least as great as that of vertebrate or insect 
muscle fibres in balsam preparations. The fibrils of the myoneme were observed to 
be positively birefringent (wth respect to the long axis) and surrounded by isotropic 
protoplasm. Engelmann noted the shortening and thickening of the fibrils when 
the myoneme contracted. Watching the formation of the stalk from granules of 
protoplasm he found that development of the myoneme begins at the boundary of 
stalk and body as soon as the stalk has reached a length of c. 0-4 — 0*6 mm. From 
the first moment of its appearance the myoneme is both contractile and birefringent. 
Mackinnon & ^Hfes (1908 a, h) re-investigated the myonemes of the stalk of Car- 
chesium, and showed that, on immersion m liquids of widely differing refractive 
index, the birefringence persisted; in the light of Wiener’s theory this means that 
the myoneme possesses considerable intrinsic birefringence. Among other ciliates 
examined by Engelmann may be mentioned Lacrymaria olor^ the “ neck ” of which is 
remarkably contractile; viewed between crossed nicols with a gypsum plate inserted 
the neck appeared violet (addition position) or orange (subtraction position). 

(iii) Pseudopodia. 

The positive uniaxial birefringence of the axopodia of the heliozoan Actino- 
sphaeriwn was described by Engelmann (1875), who also observed between crossed 
mcols the penetration of the axial filament into the body. On withdrawal of the 
pseudopodia (as a result of electrical stimulation, for example) the birefringence 
disappears. Mackinnon (1909) confirmed these observations and also detected a 
fiiint gleam from the rest of the protoplasm when viewed between crossed nicols. 
She showed that the birefringence of the axial filament disappeared if the medium 
bathing the axopodia were clove oU (nD=t*S3) or creosote (nD=r-54). In liquids 
of lower refractive index, such as water («D=r’33), or of higher refractive index 
(monobronmaphthaline, «d=i*66), the birefringence was marked. These results 
'indicate that the axial filament possesses structural birefringence, and may be 
supposed to consist of anisodiametric micells, the long axes of which lie parallel to 
the axis of the axial filament (since the birdnngence is positive with respect to the 
long axis of the pseudopodium). 
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Schultz (1915) obsen*ed that the axial region of the pseudopodia of the fora- 
miniferan Astrorhiza limicola was uniaxially birefringent, the optical axis lying in the 
direction in which shortening occurs on contraction. Schmidt (1937/1) recorded 
weak birefringence of the pseudopodia in Ihing specimens and permanent pre- 
parations (in balsam) of the radiolarian Thalassicolla, and in the foraminiferan 
Miliola he was able to show appreciable birefringence of the pseudopodia bundles 
and to photograph single pseudopodia between crossed nicols, using a 1/16 W.L. 
mica plate in the addition or subtraction position to enhance or compensate the 
birefringence of the object. In this w'ay the positive birefringence of the single 
filopodium was established. 


(iv) Cilia. 

\nifes (1908), Mackinnon & Vlis (1908 a, b) and V 16 s (1911) investigated the 
birefringence of the ciliated epithelium of Mytilus gills, the cilia of Stentor and 
VorticeUa and the ciliated plates of ctenophores, in media of differing refractive 
indices. They found that the birefringence disappears in media of 
but is marked in media of lower or higher refractive index (this could be observed 
in the same preparation in different media). Schmidt doubts the entire absence of 
intrinsic birefringence which these results show. He observes in preparations of the 
ciliated combs of Beroe^ fixed in alcohol and mounted in balsam (»d~I‘ 53 ‘~^‘ 54 )i 
a faint but definite positive birefringence, whereas Mackinnon & Vl^s found no 
birefringence in liquids of this refractive index. 

The birefringence of the fresh, ciliated combs of Beroe undergoes interesting 
changes as aresult of theprecipitation of lipoids, and their adsorption ontheciliawhen 
the combs are treated with certain reagents (Gothlin, 1913 ; Schmidt, 19256). In the 
presence of alcohol, for example, the first effect is a change in sign of the birefrin- 
gence from positive (with respect to the long axis of the plate) to negative, as a 
result of the orientated adsorption of the precipitated lipoid particles, which are 
themselves anisodiametric and show birefringence (negative with respect to the 
longest axis). Further treatment with alcohol leads to the solution of the lipoid 
material anci the birefringence becomes positive once more. 

Birefringence of the tails of sperm was first described by Engelmann (1875) in 
sperm from winter frogs. Schmidt (19376) has published striking photographs 
showing the birefringence of rat sperm tails. Mackinnon & Vl^ (1908 a, h) stuclied 
the relation between birefringence and refractive index of the medium in sperm 
tails of Triton cristatust and found almost complete disappearance of the birefringence 
in media of «j3=i'5i-i*54. Schmidt {19376) showed, however, that the tails of 
alcohol-fixed sperm (from the Fire Salamander) mounted in balsam of refractive 
ind^ approximating to that of the material, were positively birefringent Avith respect 
to their long axis. He conclude 4 that the sperm tail possesses both form and intrinsic 
birefringence. The longitudinal splitting of the sperm tail after maceration (Ballowitz, . 
1889) offers additional evidence for its submicroscopic fibrillar structure. 
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(2) Laminar STRUCTURES 
(a) Surface membranes of animal cells 

This subject has been discussed recently by Harvey & Danielli (1938) and by 
Schmitt & Bear (1939),^ and will not be considered here. It is desired to draw 
attention to the possible mechanical importance of the protein laminae in cell 
membranes. Meyer (1937) pointed out the significance — ^in the light of present views 
on the molecular structure of natural and synthetic rubber-like polymers — of the 
high reversible extensibility of red blood corpuscles (affecting both contents and 
membrane), which was demonstrated by Seifriz (1927). Such elastic properties 
are not explicable in terms of sheets of lipoid molecules. It is necessary to suppose 
that flexible, long-chain molecules are present in the surface, and that these are 
united at certain points to form a loose network ; for since the surface can be drawn 
out to a filament ten times the diameter of the cell in length and yet return to its 
original configuration, it is presumably cross-linked to some extent (like vulcanized 
rubber). The conception of the protein laminae as cross-linked films would help to 
explain the preservation of cell shape; pursuing the analogy with rubber, we may 
envisage the surface protein laminae as “vulcanized” in situ (see Meyer & Mark, 
1939), so that the surface tends to preserve its specific shape, and yet has elastic 
properties which, at first sight, simulate those of the surface of an oil drop in water. 

(b) Rods and cones 

Valentin (1861) first described the positive uniaxial birefringence of the outer 
portion of the rods and cones in the retina of the fiug, the optical axis being parallel 
to the longitudinal axis of the structure. Dimmer (1894) showed that lipoid sdlvents 
reverse the sign of the birefringence (human retina). Schmidt (1928 a) observed 
that the disappearance of positive birefringence coincides with the disappearance 
of the fatty sheen from the rods. These observations, which pointed to some corre- 
lation between positive birefringence and the orientated arrangement of lipoid 
material, were extended by Schmidt (1935) and, as a result, it was found that a dose 
parallel exists between the optical properties of the myelin sheath of nerve and those 
of the retinal rods and cones. In the case of the myelin sheath it is known (from the 
work of Schmidt, 1936c; Schmitt & Bear, 1939) that the optical axis of the positively 
birefringent sheath is radial, and that the myelin molecules lie with their long axes 
in this direction. Since the optical axis of the outer portion of the rods and cones is 
parallel to the long axis of these structures, it is to be supposed that the long axes of 
the lipoid molecules lie parallel to the rod or cone axis. 

As in the myelin sheath, where the double layers of lipoid molecules (Schmitt & 
Bear, 1939) are supported by non-lipoid (protein) layers, so in the rods and cones 
the double sheets of lipoid molecules are separated by layers of non-lipoid nature. 
The presence of these layers is shown by the tendency of the structure to break up 
into minute leaflets, the plane of which is at right angles to the axis. When the lipoii^ 
are dissolved out, the sign of the birefringence changes from positive to negative. 

^ Bialt^ical Remam. 
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This means that the molecules in the non-lipoid, protein laminae lie with their long 
axes at right angles to the rod axis. The orientation of the molecules in the lamingp 
is shown by the lengthening of the rods on warming or on treatment with swelling 
agents such as potassium hydroxide or dilute mineral acids. Under aimilar con- 
ditions, protein fibres, in which the chain molecules run parallel to the fibre axis, 
increase in diameter. Thus the protein molecules in the non-lipoid layers of the rods 
and cones lie at right angles to the axis of the structure (see Fig. 3). Schmidt’s 
experiments show that the negative birefringence of the rods after freeing from 
lipoids is structural birefringence. 

This picture of the rods and cones as voltaic pile-like structures, consisting of 
alternate sheets of lipoid and protein, has been supplemented by a consideration 
of the structural implications of the observed natural and artificial dichroism of these 



Fig. 3. Diagram showing the structure of the outer portion of the rods and cones (&om Schmidt, 
19376). 1,3: lipoid layer; Parpxotem layer; F?=visual purple adsorbed in an orientated manner on 
the protein layers. 

Fig. 4. (a) Structure of cellulose (after Meyer & Mark, 1930). (6) Structure of chitin (after Meyer 
& Mark, 1930); R represents CHjCO — . 


structures. When fresh rods are examined in plane polarized light (without an 
analyser), they appear colourless if their long axes are parallel to the plane of vibra- 
tion of the polarized beam, but are red if turned through 90°. As soon as the visual 
purple is bleached, the dichroic change is from colourless to yellow. The dichroism 
is t^t of a iinifl-giftl crystal. On treating the retina with osmium tetroxide (which 
abolishes the positive birefringence due to the lipoids) the dichroism due to the 
visual purple persists, and Schmidt concludes, therefore, that the visual purple is 
not distributed in the lipoid phase. It may be supposed that the particles of visual 
purple are anisodiametnc and are adsorbed in an orientated manner on the protein 
discs with their long axes parallel to the axis of the whole structure. Prq)aration8 
of the retina impregnated with gold or silver are dichroic, the dichroism (vtdth 
respect to the long axis of the rod) being opposite in sign to that shown by similarly 
impregnated protein fibres. This fact supports the conclusion already drawn that 
the protein molecules lie at right angles to the axes of the rods and cones. Schmidt 
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(19386) has recently summarized his work on the protein-lipoid system in the outer 
portion of the rods and cones. 

V. EXTRACELLUIAR STRUCTURES 

When we come to consider those fibres and membranes which are formed out- 
side the bodies of cells, we find these, in the animal kingdom at least, to consist for 
the most part of polypeptide or polysaccharide chains. The latter are generally 
supported by other highly polymerized substances, either aromatic in character 
(lignin, for example; see Frey-Wyssling, 1935) or possibly of protein origin in the 
case of chitinous structures such as the chaetae of annelids (Picken, 1939). On the 
whole, polysaccharide structures are very much more rigid than protein structures 
of the same dimensions. This may be ascribed in the first place to the more perfect 
crystallization of the polysaccharides (cdlulose and chitin) as compared with the 
polypeptides (keratin, collagen, elaatoidin, etc.) ; secondly, to the presence of sub- 
stances occupying the intermicellar spaces. These substances include lignin, which 
occurs in association with cellulose, forming wood; silica, which fills the inter- 
micellar spaces in the cell walls of grasses; Inkrusten, associated with chitin in the 
integument of arthropods, in the chaetae of annelids and elsewhere; and, in a case 
recently described by Jones et al. (1935), iron (in the form of oxide or carbonate) 
together with silica forms the hardening substance in the radula teeth of a limpet, 
Patella athleUca. In the case of wood (Frey-Wyssling, 1935) the intermicellar spaces 
are so completely filled that the lignin skeleton, which remains after removmg the 
cellulose, shows marked structural birefringence, owing to the regularity of the spaces 
left. Lignin itself is isotropic, and may be assumed to form a continuous three- 
dimensional network completely filling the spaces between the cellulose micells. 
A detailed study from the point of view of functional mechanics of the distribution 
and properties of fibres and membranes sudi as these has yet to be made. 

The great tensile strength of the natural high polymers in general is due to their 
chain molecule structure. In the case of cellulose, the measured tensile strength is 
comparable with that of the finest steel, in spite of considerable irregularities in the 
texture of natural cellulose fibres (in this coimexion see Meyer & Lotmar, 1935). 
The high tensile strength in the direction of the fibre axis is due, of course, to the 
fact that the cellulose units, from which the cellulose chains are built up (Fig. 4 (a)), 
are united by primary valences to form chains. In the case of an ideal fibre (t^t is, 
one in which the chains are continuous from end to end of the fibre), it is necessary 
to apply a force capable of separating atoms attached by primary valences in order 
to brkk the fibre, whereas in a crystal of an organic compound of low molecular 
weight (a crystal of glucose, for example), only intermolecular forces of attraction 
have to be overcome in order to separate one part from another. With respect to 
tension applied at right angles to the fibre axis, the fibre is much less resistant since, 
in the case of cellulose, the chains are united laterally by considerably weaker inter- 
molecular crystal forces— hence the possibility of splitting such fibres longitudinally. 
It may be added that the most recent X-ray studies of cellulose (Meyer & Misch, 
1937) suggest that the crystallites are extremely well-knit structures, and it is 
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probable that the tendency of the fibres to split longitudinally is due mainl y to 
weakness in less highly orientated parts of the fibre where the lateral intermolecular 
forces are weakest. 

(i) Polypeptides 
(a) Fibrous structures 

(i) Elastoidin. 

The transparent, homogeneous fibres (ceratotrichia) supporting the fin mem- 
branes of elasmobranchs and occurring as “actinotrichia” in the fins of all 
embryonic Teleostomes (Goodrich, 1930), have been studied by Schmidt (19246, 
1925a, 1928a, 1932^) and by Faur6-Fmniet and his collaborators (i936^r-«, 
1937a, Schmidt showed that the fibres are positively birefringent and uniaxial 
and that both structural and intrinsic components of the birefringence are present. 
He observed, moreover, that the sign of the birefringence is reversed when the 
fibre contracts on heating in water. These observations were confirmed and ex- 
tended by Faurd-Fremiet & Woelfiiin (1936/:), who demonstrated that the micellar 
birefringence of the normal fibre is relatively large compared with the structural 
component. On heating in water to a temperature of about 62° C. , the fibres shorten 
to about one third of their original length (Faurd-Fremiet & Woelfflin, 1936 
and at this temperature are rubber-like, showing high reversible extensibility; in 
this condition the substance has been referred to by Faur^-Fremiet as elastoidin II 
in contrast to the normal fibre, elastoidin I. On coolmg, the contracted fibre relaxes 
and approaches (but never reaches) its original length. Under tension the fibre may 
be brought back to its original length, but since the tension necessary to do this is 
very near the breaking limit of the fibres, this operation is rarely successful. The 
X-ray study of elastoidin fibres (Astbury & Lomax, 1935) shows them to possess 
a typical fibre structure (that is, the crystallites all have one axis orientated in the 
direction of the fibre axis) and indicates that this protein belongs to the collagen group. 
Elastoidin II, on the other hand, is amorphous at or above 62" C., but below this 
temperature the X-ray pattern shows the original ** crystalline ” pattern of elastoidin I 
superimposed on the “amorphous” diagram of elastoidin II (Champetier & Faur6- 
Fremiet, 1937). The conversion of elastoidin I to elastoidin II may thus be regarded 
as the fusion of a “crystalline” structure, and may be compared with similar 
processes in many other high polymers. A piece of rubber, for example, may be 
stretched until it shows a “ crystal” pattern and then frozen in this condition. On 
warming, the stretched rubber suddenly contracts and becomes once more rever- 
sibly extensible and amorphous. Since elastoidin II below 62“ C. possesses a 
partially crystalline structure, it was predicted from thermodynamic considerations 
(see, for example, Meyer & Ferri, 1936), that the curve relating the elastic force 
exerted by a fibre stretched at constant length to the absolute temperature would 
have a certain slope. The study of the thermodastic properties of elastoidin fibres 
(Picken, 1937) showed that this prediction was fulfilled. All the facts recorded here 
point to the similarity in molecular structure between elastoidin and other high 
polymers, and it seems clear that the contraction of the fibres on heating in water 
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is due to the liberation, from a state of crystal-like association, of long chain mole- 
cules which, as a result of thermal agitation, assume highly probable configurations 
(see Fig. 2), with the result that the whole fibre shortens. 

In contrast to collagen fibres, elastoidin does not dissolve to form gelatin after 
“melting”, nor do contracted fibres show appreciable relaxation — ^that is, if the 
fibre is suddenly stretched and its length thereafter kept constant, the elastic force 
exerted undergoes but little change in time (at a temperature of 62° C.). This 
behaviour signifies (i) that the flexible long-chain molecules of elastoidin II are 
united by cross-linkages to form a loose three-dimensional network, and (2) that the 
netting of the chains is very complete, for, since relaxation is slight, there can be but 
few chains present which do not form part of the network. The “crystallization” 
of the chains on cooling is not prevented by the presence of cross-linkages. 

(ii) Collagen. 

A very dose parallel exists between the properties of elastoidin and those of 
collagen fibres (white fibres of connective tissue and tendon): the latter are also 
normally inextensible and “crystalline”, but on heating to c. 65° C. they contract 
and are reversibly extensible at this temperature. If the melted fibres are stretched 
and cooled in ice-water they no longer contract when the tension is removed 
(compare thdr behaviour in this respect with that of other high polymers cooled 
under tension). The contracted fibres “flow” on stretching (like unvulcanized 
rubber) and rapidly dissolve in hot water to form gelatin; this implies that the 
chain molecules of collagen are not linked to one another as are those of elastoidin. 
Treatment of the fresh fibres with formaldehyde leads to the formation of bridges 
between the chains (Meyer & Ferri, 1936), and collagen fibres so treated (pieces of 
tendon for example) behave on “melting” very much as do fibres of elastoidin. 
The thermoelastic behaviour was studied by Wdhlisch (see 1932 for complete 
references), but little attempt was made to interpret the behaviour observed in 
terms of molecular structure until the work of Meyer & Ferri (1936) which demon- 
strated the parallel between the thermoelastic properties of thermally retracted 
tendon (treated with formaldehyde before melting) and those of vulcanized rubber. 

(iii) Elastin. 

Fibres such as those composing the Ugamentum nuchae or occurring in con- 
nective tissue as elastic fibres offer in their elastic properties a dose parallel to 
vulcanized rubber, dastoidin II, formaldehyde-treated tendon after “mdting”, etc. 
(Meyer & Ferri, 1936). At ordinary tranperatures the fibres show high reversible 
extensibility, and from their thermodastic behaviour it is dear that the force tending 
to restore the stretched fibre to its original length has its origin in thermal agitation, 
since it increases with rising temperature. If the fibres are stretched by about 65 
the elastic properties change to those of a normal elastic solid; the restoring force 
under these conditions is due to the increase in potential energy of atoms or groups 
of atoms displaced by stretching from positions of minimal potential energy, 
whereas at smaller initial dongations (10-50%) and at temperature between 40 
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and 60° C., the internal energy remains practically unchanged on stretching. At an 
elongation of 65%, the elastic force, therefore, diminishes with rising temperature 
as in the case of a normal elastic solid. 

It is interesting to note that elastin fibres contract on heating under zero load; 
that is, the resting length of the fibres diminishes with rising temperature. In the 
case of rubber and muscle the negative coefficient of linear expansion appears only 
when a certain elongation has been reached; unstretched or at very slight elonga- 
tions they behave as normal elastic solids. Meyer & Ferri regard this behaviour 
of the Ugamentum nuchae as due to the histological complexity of its structure. The 
thermoelastic behaviour corresponds to that of a system in which a contracting 
rubber band compresses a steel spring; on warming this system the elastic force 
of the rubber band increases while the resistance of the spring to compression 
is reduced; the overall length, therefore, diminishes. Microscopic examination 
reveals that collagen fibres are disposed in the substance of the ligament at right 
angles to the course of the elastin fibres. Thus the contraction of the elastin fibres 
will be opposed by the resistance of the collagen fibres. This resistance will diminish 
on warming and, as a result, the resting length of the system will also diminish. 
The behaviour of the ligament might a^ be produced by a similar arrangement 
on the molecular scale, that is, by transversely orientated chains impeding the 
shortening of the longitudinally disposed, flexible chains. 

(b) Laminar structures 

Of the laminar structures built up from polypeptides, few have been investi- 
gated in detail as yet. An interesting example of a complex la m inar protein struc- 
ture arising extracellularly is provided by the egg-cases of selachians, recently 
studied by Faur6-Fremiet and his collaborators (see Faur6-Frenuet & Baudouy, 
1938). It has been shown that the egg-capsules of three different elasmobranchs 
{ScylUorHnus cardcula^ Raia baiis and R. widulaid) consist of a keratin (ovokeratin) 
which, from the point of view of its sulphur content, may be regarded as a “soft” 
keratin, and which is formed from the secretion (prokeratin) of the nidamental 
glands (Filhol & Garrault, 1938).^ The capsules are formed of three to four layers 
which may, according to the species, appear as sets of apparently homogeneous 
laminae, as an alveolar network, or as bundles of fibres separated by a system of 
canals. In the first case, which corresponds to the condition of all the layers in 
ScyUiorhmuSf the keratin chains in successive layers are orientated either trans- 
veraely or longitudinally with respect to the axis of the capsule. This is clear from 
the optical and Ttiftchnninal properties of the layers. Filhol & Garrault have related 
the different types of kemtin structure formed to definite regions of the nida m ental 
glands. 

The basal membrane l3ring below the epidermis in sel a chia n embryos, which has 
been studied by Garrault (1936), provides an example of a lamin ar structure arising 

‘ In a private communication Dr W. T. Aatbury informs me that X-ray photograplu of fibres 
from the ^^-cases show that these fibres belong to the collagen groiqi and ^uld not be leferreo 
to as keratins. 
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as a single sheet of microscopic interlacing fibrils forming a trellis in which the 
fibrils are arranged at right angles to each other. From their staining reactions and 
resistance to trypsin these fibrils appear to be collagen. The basement membrane 
seems to be intimately concerned in the orientation (in one plane at least) of the 
elastoidin fibres. Such a laminat ed structure may have considerable mechamcal 
strength; if stretched in any direction it will not readily split. A single lamina 
would show high tensile strength in one direction — ^that in which the chains are 
orientated — ^but would split readily if stretched in the direction at right angles to the 
axis of the chains. A structure in which the chains in successive laminae run at 
right angles to each other will exhibit high tensile strength in two dimensions. 

(2) POLYSACCHAHIDES 

(a) Fibrous structures 

The structure of chitin has been made clear from the chemical investigations 
of Bergmann et al. (1931^1 A), Zechmeister et al. (1932, 1933) and Meyer & Wehrli 
(1937) ; from studies of the optical properties of animal chitin by MShring (1926), who 
showed that chitin fibrils possess positive structural birefringence (with respect to the 
long axis), and negative intrinsic birefringence; and through X-ray studies, by Gonell 
(1926), by Meyer & Pankow (1935) on apodemes from PaUrmrus vulgaris^ by van 
Iterson etal. (1936) on sporangiophores of Phycomyces sp., and simultaneously by 
Heyn (1936). It is clear from the results of these various lines of attack that animal 
and plant chitins are essentially similar and that, as was suggested by Meyer & 
Mark (1928 c), chitin closely resembles cellulose in structure (Fig. 4 (b)). Both consist 
of long primary valence chains of glucose residues. Chitin may be derived from 
cellulose by supposing a molecule of acetamide to be condensed with every glucose 
residue of the cellulose chain. The differences in three-dimensional structure 
between chitin and cellulose are due, as Heyn has shown, to the introduction of the 
side chain CHg.CO.NH — . 

Chitin appears in animal structures mainly in the form of fibrillar lamellae; 
isolated fibres are seldom encoimtered. One of the few examples of the latter are 
the fibres secreted by the ectodermal cells of the peduncle in certain barnacles 
(see Garrault, 1934, on PolUcipes comucopiae). 

(b) Laminar structures 

To discuss in detail the structure of chitinous membranes would necessitate a 
description of microscopic particularities which space precludes. Early X-ray 
work on structure was done by Gonell (1926) on the elytra of GoUathm giganteus. 
In some cases, as Clark & Smith (1936) ^ve shown, the long axes of the crystallites 
lie in the plane of the lamina, but the micells are otherwise distributed at random. 
In other cases (as in the el5rtra of Gotiatkus) the laminae are composed of fibrils all 
orientated in the same direction; crystallites of successive laminae make a constant 
angle with each other. 
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Cellulose occurs in the animal kingdom, forming laminated membranes in the 
test of tumcates. Mark & von Susich (1929) showed from X-ray studies that two 
sets of crystallites are present, lying with their long axes in the plane of the test 
and orientated at right angles to each other. From an examination of sections of 
the test in polarized light it is clear that, in some species at least, the laminae consist 
of crystallites all orientated in the same direction, but that the axes of orientation 
are at right angles to each other in successive laminae. In certain cases the two 
orientations of the crystallites are respectively parallel and at right angles to the long 
axis of the branchial basket (Herzog, 1932). 

VI. SUPRACELLULAR STRUCTURES 
(1) Fibrous structures 
(a) Hairy horn and feathers 

We shall begin this discussion of macrofibres with a survey of work by Speakman, 
Astbury and their collaborators on hair, horn and other keratinous structures. 
A hair provides a typical example of the structure intended by the expression 
"supracellular fibre”. It consists essentially of concentric sheets of keratinized 
spindle-shaped cells with their long axes parallel to the hair axis. The whole is 
coated on the outside with a layer of scale cells— flattened, keratinized, epithelial 
cells. References to early studies of the optical properties of hair will be found in 
Schmidt (1924a) and to more recent work in Schmidt (1932c, 1934). A hair shows 
positive uniaxial birefringence, and from longitudinal sections it is clear that the 
more distal part of the hair is more birefringent than the proximal portion; this 
observation may be correlated with increasing keratinization, dehydration and 
orientation of the more distal keratin fibrils. All swelling agents lead to a fall in 
birefringence (Pochettino, 1913), while stretching causes an increase. Moderate 
warming produces a diminution in diameter and a rise in birefringence: heating 
very strongly induces thermal retraction, which Schmidt compares to that of 
collagen and elastoidin fibres. 

The work of Astbury and his collaborators on the keratins has led to a picture 
of protein structure which appears to be applicable to many kinds of fibre. Astbury 
& Street (1931) showed that the rudimaitary diflEraction pattern given by normal 
hair is converted on stretching into a pattern dosely resembling that of silk. Meyer 
& Mark (19286) showed that the X-ray diffraction pattern of silk fibroin might be 
supposed to arise from a structure consisting of long, straight polypeptide chains 
(for the most part consisting of alternating ^ycyl and alanyl residues) associated to 
form elongated micells and arranged with their long axes parallel to the fibre axis. 
Astbury & Street (1931) and Astbury & Woods (1933) suggested, therefore, that 
the polypeptide chains are straight in the stretched hair (jS-keratin) — Whence the re- 
semblance of the X-ray pattern to that of silk fibroin— but folded in some way in 
the normal unatretched hair (a-keratin). Astbury & Woods (1933) offered reasons 
for supposing that the polypeptide “back^nes” are united by side chains 
with an average length of 9*8 A to form two-dimensional “grids” (see Fig. 5). In 
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jS-keratin such grids are piled together (spaced at 4*65 A) to form tabloid micells 
(Astbury & Sisson, 1935) much thicker in the direction of the backbone spacing 
(4*65 A) than in the direction of the side chain spacing (9-8 A). The proof that 
these spacings are at right angles to each other was obtained by squashing horn in 
steam (Astbury & Sisson, 1935) and taking X-ray photographs with the beam 
parallel to the fibre axis, parallel to the direction of compression and at right 
angles to this direction. This molecular interpretation of the changes in the X-ray 
diffraction patterns of hair on stretching has been extended to similar changes 
observed in myosin films and, later, in dried muscles stretched in cold water 
(Astbury & Dickinson, 1935a, h\ 1936). 

The normal folded state of the keratin grid is supposed by Astbury to be due 
mainly to the presence of buckling linkage, both cross-linkages and linkages in the 
length of the chains. Among these linkages the cystine side-chains have been shown 
to be of great importance. On heating in steam, certain linkages are hydrolysed, and 
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Fig. s. Hie Btnicture of ^-keratin: stretched keratin grids consisting of polypeptide backbones held 
together by side-chaiiu are stacked 4'65 A apart to form minute elongated tabloid micells. The 
structure is to be continued in three dimensions. TTie spacings ore in angstroms (lo cm.). 

the grids may be straightened out. (This hydrolysis also takes place, but of course 
more slowly, at lower temperatures.) Deforming linkages are stretched and, lubri- 
cated by water molecules, the chains untwist. When the defo rming force is removed 
the gnd returns to its contracted and crumpled form as a result of th**- increased 
potential energy of the distorted parts of the system in the stretched condition. It 
is to be noted that this view of the mechanism of elastic contraction in ha ir is funda- 
mentally different from the interpretation of high reversible extensibility which ba** 
been advanced by Meyer and his collaborators in the case of other high polymers. 

A stretched hair, heated in steam and allowed to contract unloaded, reaches a 
length shorter than its original length (supercontraction; Astbury & Woods, 1933). 
Since muscle and myosin fibres give an X-ray diagram resembling that of a-keratin, 
it has been suggested (Astbury & Dickinson, 1935^) that the active contraction 
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of muscle may be compared with the supercontraction of keratin, rather than with 
the change from to a-keratin. 

The X-ray diffraction pattern of feather keratin (Astbury & Marwick, 1932; 
Marwick, 1933) indicates that the keratin chains are almost hilly stretched in this 
case — ^the spacing along the fibre axis is 3*1 A as compared with 3*3 A in jS-keratin 
and 3*5 A in silk fibroin. In addition the pattern shows periodicities of twice, four and 
eight times this unit along the fibre axis. Astbury & Marwick interpret these larger 
spacings as an architectural relic of a previous globular protein structure from which 
the keratin chains have been derived by a process of “ denaturation”. Of particular 
biological interest is the resemblance between the pattern of feather keratin and 
that of reptilian keratin (tortoise-shell, Marwick, 1933). The separation of Sauropsida 
from Theropsida has thus its molecular aspect. From this point of view it would be 
interesting to examine the structure of reptilian and mammalian scales. Astbury 
has shown that the keratin chains in finger nails (a-keratin) run in the plane of the 
nail, transverse to the axis of the digit — whence transverse splitting. 

Astbury & Woods (1933) consider that the keratin of the hair is present in three 
phases: (^z) intracellular, {b) keratinized cell walls, and {c) intercellular keratin. 
From the point of view of its elastic properties the hair behaves as a continuous 
network of molecules. There is, according to these authors, “no sharp line of 
demarcation between the phases. The phases differ in their resistance to chemical 
attack and in the regularity of their ‘crystalline* structure.’* But, “to a first approxi- 
mation we may consider the generalized Icmd/extension of the hair as that of a single- 
phase transformation comparable with that of rubber**. (See also the discussion 
of this point in the introduction to the paper by Wood, 1938.) The importance of this 
conclusion from a biological point of view is that the hair cells are not sharply 
separated one from another. Woods (1938) has shown that the keratin chains in 
individual spindle-shaped hair cells are orientated parallel to the long axis of the 
cell, and it is to be supposed that the keratin chains of individual cells are linked 
together from cell to cell so that, in a sense, the hair forms a single gigantic molecule, 
no doubt with free ends of polypeptide chains here and there. From the molecular 
point of view the cell disappears as a discrete entity in the finished hair. It is for 
this reason that the concept of supracellular organization has been introduced, 
reviving in a sense Heidenhain’s concept of histo-systems jbove the cell level. 

{b) Muscle 

The elastic behaviour of the resting miwcle as a whole leads us to regard the 
system which is responsible for the transmission of tension from one end to the other 
as a continuous molecular network with free chains in the meshes of the net (Meyer 
& Picken, 1937). This means that, in spite of its histological complexity, the muscle 
is a continuous molecular system. We must suppose (i) that the myofibrils are in 
molecular connexion with the collagen fibres in which the muscle fibres terminate, 
and (2) that the musde fibres are linked one with another by molecular fibrils of 
collagen. The histological grounds for assuming this continuity of structure are 
discussed by Schmidt (1936 d). In the case of insect muscles it is known that the 
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muscle fibres continue into the insertion of the muscle as protein fibrils (tonofibrils). 
In this case, therefore, we may assume continuity between tonofibrils and chitin 
chains. 

(c) Enamel prisms 


Studies of the denticles from uncut elephant molars have been made by Schmidt 
(1934), and have shown that each enamel prism is negatively birefringent and 
uniaxial, but is not to be regarded as an individual crystal. Prisms from the enamel 
of immature mammalian teeth exhibit positive structural birefringence as well as 
negative intrinsic birefringence, and it is dear from the study of sections that both 
structural and intrinsic birefringence are uniaxial. During hardening of the enamel 
the structural birefringence and the ability to take up liquids both diminish. The 
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Fig, 6. Thfi structure of enatnel (from Schmidt, i934)' A. Young enamel; strokes represent hydroxy- 
apatite micella. The structure shows positive structural birefringence (F) and negative intrinsic 
birefringence {M) (sign with respect to the long axis). B. Mature enamel; this shows intrinsic 
birefringence only, since the spaces are occluded. 

Fig. 7. The structure of bone (from Schmidt, 1934). A. Normal bone; parallel collagen fibres, F, 
are surrounded by a matrix, C, consisting of hydroxyapatite micella (strokes) and organic material 
(dots). The optical behaviour is shown in B, where-the ellipse, T, represents the total birefringence 
of the collagen fibrw composed of positive structural (f) and positive intrinsic (mj) birefringence; 
nij IS the negative intrinsic bii^ringence of the mineral constituents. C. Decalcified bone; the 
collagen fibres, F, showing positive structural (/) and intrinsic (wj) birefringence are s^arated by 
canals containing the organic constituents of the cementing matraial. D. Bone freed frum organic 
constituents. The material shows positive structural birefririgence, /i, resulting from the fine tubules 
race occupied by wUagen, negative intrinsic birefringence, w, , due to the hydr^apatite micells 
(strokes) and positive structural birefringence, from the spaces between the inorganic micells 
once occupira by organic cement 

changes appear to be due to the reduction in size of the intermicellar spaces, either 
by the growth of the micells or by the formation of new crystallites between the 
old (see Fig. 6). The negative intrinsic birefringence appears to be^ due to the 
hydroxyapatite (Ca]jQ(P04)g(0H)g) micells which constitute 90% of the enamel. 
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X-ray analysis (Mdller & Tromel, 1933) supports the conclusion that the hydroxy- 
apatite micells are arranged parallel to the ayia of the prism. 

Young decalcified prisms from elephant molars show faint positive birefringence 
(in water and in balsam) which may be due to the organic constituent. Schmidt 
suggests that the regular orientation of the hydroxyapatite micells may take place, 
as in the case of bone, by orientated adsorption of organic matter on the processes 
(Tomes’s processes) which develop from the odontoblasts. The strong dichroism 
of young prisms stained with congo red or impregnated with silver confirms the 
picture of their micellar organization oudined here. 

Schmidt (1938 a) has also investigated the development of the enamel-like 
dentine in c^rinoids. 


(2) Laminar STRUCTURES 
(a) Bone 

The birefringence of sections of normal bone is largely due to the presence of 
positive, uniaxial collagen fibres (von Ebner, 1894). In the simplest case, the laminae 
of a single Haversian system consist of collagen fibres running parallel to and at 
right angles to the axis of the canal in successive laminae, (see Schmidt, 1934). In 
section (viewed between crossed nicols) the laminae will be alternately dark (fibrils 
cut at right angles to the optical axis) or bright. Where the fibres run parallel to the 
plane of vibration of polarizer or analyser, extinction is complete and, therefore, 
the Haversian system as a whole shows a negative spherite cross. In general, how- 
ever, the structure is more complex, the fibrils are usually disposed in steeper and 
less steep spirals (in successive laminae), and no lamina, therefore, is completely 
isotropic when seen in section. Carefully decalcified sections show optical properties 
resembling those of normal bone, and hence it is concluded that the birefringence 
of the latter is due for the most part to the collagen fibres present (Fig. 7 C). 
Decalcified material shows many phenomena found in collagen fibres (reversal in 
sign of the birefringence on treatment with phenol, dove oil, salicyl-aldehyde, etc., 
von Ebner, 1894). Sections will also show dichroism if impregnated with gold, 
etc. (Schmidt, 1931). 

If sections of bone are carefully freed from organic matter (in particular from 
collagen), they are found to show structural and intrinsic birefringence (Fig. 7). 
The former is due to the presence of minute tubes which once contained the collagen 
fibrils; the latter to the micells of hydroxyapatite. This is evident from the optical 
behaviour in liquids of various re&active indices. In methylene iodide («d == 1-74) 
the birefringence is positive, as it is in alcohol (nu = i ’33), but in xylol {njy « i *49) the 
birefringence is negative. It is found that both structural and intrinsic birefringence 
are uniaxial, and that the optical axis is parallel to that of the collagen fibres. Careful 
study of sections embedded in a medium of refractive index equal to that of the 
inorganic matrix has shown that, jin addition to the relatively gross structural bire- 
frin^ce, the matrix possesses positive structural birefringence arising from the 
minute regular spaces between the inorganic micells. It may be, concluded that the 
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micells of hydroxyapatite, which are negatively birefringent, are anisodiametric and 
are arranged with their long axes parallel to the optical axis of the collagen fibrils, 
and that intermicellar spaces of the same shape and orientation occur between 
the inorganic micells (Fig. 7 A, B). 

Schmidt (1934) suggests that the simplest explanation of the observed orienta- 
tion of the inorganic crystallites is to suppose that the first-formed collagen fibrils 
adsorb the crystalline precipitate of inorganic matter in an orientated manner, and 
he shows that collagen fibres are able to orientate particles precipitated in their 
presence (see also Kohlschutter, 1929). Decalcified sections moistened with xylol 
and gently warmed with a fragment of paraffin wax become negatively birefringent 
if the wax particles formed on cooling are not too large ; the change is produced 
by the orientated adsorption of the wax crystallites. Orientated adsorption of wax 
or Congo red may also be demonstrated in sections freed from organic matter. 


VII. DISCUSSION 

It is clear from the material which has been surveyed that a remarkably close 
parallel exists between the structure and behaviour of biological materials and of 
high polymer substances in general. Many of the peculiar mechanical properties 
of “living substance” take their place beside those of synthetic inorganic and organic 
substances which owe their distinctive properties not to the chemical nature of their 
component atoms but to the fact that their molecules are of a certain shape. The 
elastic behaviour of muscle or of the cell surface, intermediate as it is in certain 
respects between that of a solid and that of a liquid, receives a simple explanation 
in terms of the properties of the long flexible molecules of certain types of high 
polymers; such molecules are in a sense “liquid” in two dimensions — able to slide 
over their neighbours as freely as the molecules in a liquid — ^but “solid” in a third 
dimension, since they are composed of atoms or groups of atoms united by primary 
valences to form a chain. We find then physicochemical evidence for the view — 
by no means strange to the biologist — ^that the properties of living matter depend on 
structural relationships of a complexity unlik e anything which we meet in the dead 
world and which we have only recently succeeded m imitating in inorganic models. 

The study of high polymers affords the biologist insight mto the mechanical 
properties of the materials with which he is concerned and some measure of under- 
standing of their structural potentialities — ^their tendency to form crystallites, 
fibrils, fibres and laminae. The micellar constitution of a great variety of biological 
structures has now been confirmed by evidence from X-ray analysis, from elastic 
and thermoelastic properties, as well as from birefringence and imbibition data. 
In the case of cell components which are as yet only accessible to optical methods 
of structural analysis, we have evidence of micellar fibrous structure from their 
behaviour during the life of the cell— 4hat is, from phenomena which are usually 
regarded as essentially biological, but for which we find parallels in the behaviour 
of synthetic high polymers. We may recall the longitudinal splitting of chromosomes 
and flagella, or the change in any contractile fibre in which the passage of orientated 
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chain molecules from the stretched condition to more random configurations leads 
to a change in shape of the fibril, that is, to contraction. 

If then we can describe the behaviour of a contractile fibril, for example, in 
terms of its molecular structure, it is evident that, at the level of molecular organi- 
zation, function and structure are inseparable. The contraction of a muscle fibre 
is ultimately as much a morphological as a physiological problem : we are faced with 
the analysis of a complex of physicochemical conditions, change in which leads to 
changes in the molecular morphology of the myosin fibrils. In the same way certain 
aspects of the behaviour of the chromosomes are closely related to their structure; 
the changes from resting nucleus to the appearance of the earliest prophase threads 
can be considered as changes in the molecular organization of the chromatin, as 
phenomena of swelling and dehydration (see Schmidt, 1937 &). It is apparent that 
as yet certain aspects only of the activities of the cell appear in a morphological 
guise, namely those which are associated with movement or more generally with 
changes in shape. 

Although the ordered and in some respects microcrystalline character of many 
biological structures has been emphasized in these pages, this does not imply that 
the organism as a whole is to be regarded as a crystal-like structure — a view which 
has been worked out in some detail by Przibram (1926), Because its parts are 
microcrystalline, the wholeness of the organism is not necessarily the wholeness of a 
crystal (if there is any such thing). Nevertheless, it seems clear that the form of cell 
components may be decided by factors similar to those which fix the form of true 
crystals, and that the shape of the cell components is determined by the relative 
velocities of growth in three dimensions of ordered aggregates. The factors respon- 
sible for the formation of a flagellum are perhaps related to those which determine 
that a given crystal shall grow as a needle rather than equally in all three dimensions. 
Schmidt (1937 a), discussing the formation of filopodia in the foraminiferan MiUola, 
rejects the view that mechanical stretching of the chain molecules leads to growth of 
the filopodium. He suggests rather that the pseudopodium grows in length as a 
result of some kind of ‘ ‘ micellar crystallization ” — ^like a thread of fibrin. Hesupposes 
that the protoplasm contains elongated micells which are bundled together in the 
axis of the pseudopodium to form a solid core. The superficial protoplasm remains 
liquid, and streaming brings fresh micells to be added to the distal end of the 
pseudopodium. 

Garrault (1937), in a discussion of the development of fibrils in the basement 
membrane of the epidermis in selachians, remarks that the fibrils may be regarded 
as collections of crystallites approximately parallel one to another. In the last 
analysis the orientation of a fibril is equivalent to the orientation of a molecular 
structure, but it is clear that the orientation depends on the morphological properties 
of the embryo considered as a whole. Here, just as in the case of pseudopodium 
formation, there remains the fact that thefibrous structure, even if it grows as a crystal, 
develops in one particular place and with a particular orientation with respect to the 
organism as a whole. It is precisely the question of how such co-ordination takes 
place which is the central problem of biological organization. 
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Supposing that the growth of the ceil components is governed by differential 
rates of micellar crystallization, it is evident that the changes in shape of cells or 
parts of cells may also be explicable on this basis. In the case of one type of cell 
component, it is possible to compare an analysis in terms of the field concept of the 
change in shape during development with a fine structure analysis of the same 
process. Gurwitsch (1927) seeks to describe the conversion of a spherical sperm 
head into the hook-shape of the mature sperm (rodent). He does so by placing the 
sphere in a conical field with the centre of the field (towards which movements are 
directed) l3dng at the apex of the cone. The shape of the head changes by displace- 
ment of points on its surface along the lines of the field, the displacement being 
greatest along the axis of the cone (that is, the field has a certain “anisotropy”). 
The hook shape may be obtained by supposing the field centre to shift through an 
arc, with the result that the direction of maximum displacement changes. 

Schmidt’s analysis of similar morphological changes presents striking contrasts 
to such a purely geometrical approach. Studies of the optical properties of the 
sperm head of Sepia showed clearly that the chromatic portion possessed an orderly 
micellar structure; the individual chromatin micells (showing negative birefrin- 
gence) are orientated parallel to the axis of the sperm head, which is very slightly 
curved at the anterior end. In the presence of acid the sperm head swells laterally 
and shortens, eventually becoming spherical; during these changes the birefringence 
is greatly reduced or disappears. This behaviour is obviously reconcilable with 
fibre structure. Schmidt (19285) and Pattri (1932) showed, as a result of the 
examination of sperm from about eighty difierent animals from aU the main phyla, 
that the birefringence is always negative with respect to the length and strongest 
in thread-shaped heads. Furthermore, extinction between crossed nicols always 
occurs in a plane parallel to the axis of the sperm head, whether this be straight, 
curved or spirally twisted; this means that the shape of the sperm head is always 
intimately related to the micellar organization of the chromatin. Schmidt found 
in sperm from Triton cristatus that the pointed anterior end alone was negatively 
birefringent, the broader, more swollen, posterior end being positively birefringent 
(positive structural birefringence). In 0*9% sodium chloride the heads swelled 
and became uniformly positively birefringent; on dehydrating with alcohol the 
birefringence became uniformly negative. These observations indicate that the state 
of micellar organization may vary from one part of the sperm head to another, and 
that shape and structure vary together. 

In the course of spermatogenesis in Liogryllus, Pattri (1932) found that the 
birefringence first appeared when the head became elongated, and from the bright- 
ness of the outline of the head Pattri supposed that “dehydration” proceeds from 
the surface inwards. It is to be concluded that the change in shape of the sperm 
head is a consequence of the chromatin micells assuming an orientated arrangement 
during the process of dehydration. Indeed, as Goldschmidt (1917) showed, the 
immature sperm may be induced to assume a form closely resembling that of the 
mature sperm by placing the testicular material in a medium of high osmotic 
pressure. We cannot say as yet what determines the formation of a curved or spiral 
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micellar aggregate, or why parts of the head are less dehydrated than others, but 
it is perhaps a little premature to seek rehige in a purely geometrical description of 
the process of spermatogenesis. 

The case of the sperm head is at the moment the only one in which the develop- 
ment of a characteristic shape of cell component has been correlated with changes 
in micellar organization. There are, however, many examples in which the develop- 
ment of fibrous structures leads to changes in shape of the whole organism. In 
spermatogenesis, the growth of the axial filament carrying out the protoplasm to 
form the tail may be compared with the growth of a heliozoan pseudopodium (see 
Goldschmidt, 1917; Herrmann, 1890; Spitschakoff, 1909). But one-dimensional 
fibre growth may be important in determining the shape of more complex forms; 
in the development of Ae echinopluteus, it is the grov^ of the skeletd rudiment 
which pushes out the surface into arms. 

The demonstration by Meyer (1867) of the correspondence between the micro- 
scopic structure of bone and theoretical diagrams of the tension and compression 
lines in a hypothetical structure subjected to like forces receives a simple explana- 
tion when we realize that the collagen chains will, of necessity, be orientated by the 
mechanical forces acting on the system. Once their orientation is fixed, the deposition 
of salts follows the orientation of the collagen chains. It is extremely probable that 
the orientation of other primary valence chains (other polypeptides, chitin and cellu- 
lose, etc.) is due to forces acting during the deposition of tibe substance in question. 
Thus the apodemes of Crustacea always show a high degree of orientation, the long 
axis of the chitin raicells lying parallel to the direction of the tension set up by the 
contracting muscles; the integument shows no such orientation (Clark & Smith, 
1936), the crystallites lie with their long axes in the plane of the surface, but these 
axes are not parallel to one another. Again, the chitin. fibrils in successive lampH aft 
of many lamellar membranes in insects cross at 90° or 60°; no one has as yet 
investigated the relation between the direction of the compression and extension 
forces acting on particular membranes and the orientation of the chitin chains. If, 
as seems highly probable, such orientation is due to forces acting while the chitin 
is being deposited, it is clear that not only the immediate pull of the muscles on the 
soft chitin will be important in determining orientation, but also the hydrostatic 
pressure of the body-fluid acting over the surface of hollow cylinders (bodies and 
limbs of worms and arthropods). The problem is essentially the same, mechanically, 
as that presented by the orientation of cellulose and chitin chains in plant cell walls 
{Valoma^ Astbury et al. 1932; Phycomyces, H^, 1936; Castle, 1937), where it is 
certain that turgor plays an important part in the development of orientation 
(see van Iterson, 1936, and the discussion in Preston & Astbury, 1937). 

In many cases, however, it is clear that orientation takes place without the 
intervention of any such external mechanical forces. The problem may be espressed 
in the form of a question: how far are the changes in shape of cells, c^ component 
or extracellular structures the result of external forces leading to the orientation of 
micells, and how far to “crystal-like” growth in particular directions determined 
by the spatially differentiated regulatory system which is responsible for the 
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organization of the whole? The question is the same as that asked by Schmidt in 
considering the formation of a pseudopodium. From our knowledge of non-living 
systems, we should expect both processes to play their part in morphogenesis. 

To those who find only destructive atomism in such attempts to analyse develop- 
mental processes, it may be pointed out that the ph)r8ics and chemistry of high 
polymers, to which constant reference has been made, is to some extent the private 
physics and chemistry of the biologist. Rubber-like high polymers do not occur in 
the dead world; their synthesis from inorganic materials has only recently been 
accomplished. Our knowledge has come from the study of such things as cellulose, 
rubber, chitin, silk, hair and muscle. The relations between structure and shape 
which we have discussed must be regarded as part of that system of organizing 
relations which forms the main objective of the biologist’s approach to living things. 


VIII. SUMMARY 

1. Present-day interest in the study of fine structure may be traced back to the 
work of the botanist, Carl Nageli, to whom the conception of the micell is due. 

2. The continuation of Nageli’s optical studies of biological structures, the 
development of X-ray analysis, and the investigation of the properties of long chain 
high polymers, have led to the extension and modification of Nageli’s ideas. 

3. Two main types of molecular aggregate are of particular importance in 
biological systems — ^linear (or fibrous) and laminar structures. These may be classi- 
fied as subcellular, ^traceUular and supracellular. 

4. The subcellular structures which have been examined include: protein 
fibres from the sap of virus-infected plants; chromosomes; asters and spindles; 
and contractile fibrils (muscle fibrils, myonemes, pseudopodia and cilia). These all 
appear to be composed of chain molecules arranged approximately parallel to the 
long axis of the structure in question. 

Laminar subcellular structures include the surface membranes of animal cells 
(nerve fibres, echinoderm eggs, red blood corpuscles) and the outer portion of the 
rods and cones of vertebrate retinae. These are composed apparently of alternating 
layers of protein and lipoid molecules. 

5. Extracellular fibrous structures are represented by elastoidin, collagen, 
elastin and chitin; laminar structures by the keratinous egg cases of selachians, the 
cellulose test of tunicates and chitinous integuments in general. The relation of 
these to other natural and synthetic high polymers is discussed. 

6. The category of supracellular structures, that is, of macroscopic fibrous or 
laminar structure of multicellular origin includes (a) hair and muscles, and 
(b) enamel and bone. 

7. It is clear that a close parallel in structure and behaviour exists between 
biological materials and high polymer substances. The morphobgical implications 
of this parallel are discussed and the importance of molecular morphology for the 
biologist is considered. 
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I. INTRODUCTION 

It has been known for some time that the physiological properties of hydrocyanic 
add and its salts are marked by a specific effect on respiration. Gaethgens (1868), 
Claude Bernard (1883) and Geppert (1889) called attention to the inhibitory effect 
of cyanide on the respiration of higher animals. In subsequent years it has been 
shown that cyanide exerts a spedfic inhibition upon certain enz3niiatic oxidative 
processes. 

A. P. Mathews and his co-workers (Mathews & Walker, 1909) described the 
inhibitory effect of cyanide on the iron catalysis of cysteine oxidations and ascribed 
the phenomenon to the formation of a complex Fe — CN ion. Soon thereafter, 
Warburg (1914), in a series of extensive researches, pointed out that many cellular 
oxidations were catalysed by .an iron-containing en2yme which he termed the 
‘‘Atmungsferment”. One of the chief diagnostic features of this enzyme was its 
extreme sensitivity to inactivation by cyanide. Since then the work of Keilin 
(1929, 1930, 1932), Dixon (1929) and others has resulted in the eluddation of a 
respiratory system (the “Warburg-Keilin” system) which involves a number of 
interrelated oxidative enzymes and carriers. The g^eral features of this system 
may be represented as follows: 

O2 -►Oxidase — Cytochrome complex — ^Dehydrogenase •♦-Substrate metabolite. 

, (a-h-c) 
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According to this scheme,^ the substrate (e.g. a carbohydrate) is rendered liable 
to oxidation by the action of a dehydrogenase enzyme specific to it. Presumably 
this action is a kind of “loosening” of the H atoms. The cytochrome complex 
“accepts” these H atoms and is thereby reduced. The reduc^ cytochrome itself 
reduces the oxidase from a “ferric” to “ferrous” state. (This enzyme is Warburg’s 
original Atrmmg^erment and is variously known as cytochrome oxidase, indophenol 
oxidase or pheohemin.) The reduced cytochrome complex is thereby reoxidized 
and prepared for further carrying of the oxidation-reduction process. Finally, the 
reduced oxidase is reoxidized by molecular oxygen. The net result of this process 
is the oxidation of the metabolite substrate and the reduction of molecular oxygen. 
Thus, the metabolite is consumed, oxygen is absorbed and carbon dioxide and water 
are produced. The rate of respiration effected by this system may be measured by 
the rate of oxygen consumption. 

The effect of cyanide was shown to be localized at the oxidase by Fleisch (19Z4), 
Szent-Gyorgyi (1924) and Keilin (1929). It was observed that the dehydrogenase 
activity was not affected by cyanide if the oxidase were replaced by a dye capable of 
reduction by the metabolite and its ddiydrogenase, and of oxidation by molecular 
oxygen (e.g. methylene blue). This has recently been confirmed by Ldoir & Dixon 
(1937). The cytochrome carrier persists in its reduced form if cyanide is present, 
but is not itself attacked by the poison (Keilin, 1929). It has therefore been estab- 
lished that the oxidase alone is inactivated by cyanide. Thus, the presence of cyanide 
prevents the reoxidation of reduced cytochrome and oxygen consumption is thereby 
blocked. Consequently, cyanide will inhibit the respiration that is mediated through 
any system which utilizes molecular oxygen by way of the cytochrome oxidase.^ 
Hence, if cyanide (or a similar poison) is present in a concentration sufildent for 
the complete poisoning of the oxidase, any remaining oxygen consumption must be 
mediated by respiratory systems which do not involve the oxidase. This “residual” 
or “cyanide-stable” respiration must therefore be mediated throu^ en^rme 
systems which are capable of reducing molecular Og through some independent 
means. 

Dyes such as methylene blue (which are artificially introduced) may perform 
this fimcdon. The most important of the naturally occurring substances of this sort 
is the so-called “yellow enzyme” or flavoprotein of Warburg & Christian (1932). 
This is a protein combined with a ribofiavin prosthetic group. It is directly oxidiz- 
able by molecular Og and itself oxidizes a “coenzyme” (a tri-phospho-pyridine 
nucleotide) which in turn oxidizes the metabolite substrate (through its dehydro- 
genase). The yellow enzyme is not affected by cyanide and may act as a mediator of 
cyanide-stable cellular respiration. 

^ This scheme does not include certain carriers which operate within the system. Thus Szeut- 
Oyorgyi (1935) haa shown that fumaiic, succinic and ozalacetic adds may form an intetinediary chain 
in tihe oxicktion and reduction process that goes on between the' cytoduome complex and the de- 
hydrogenase. Other reversible systems may perform a like function; but these as w^ as the detailed 
r^tic^ between qrtochromes a, and Ct are wnitted for the sake of simplicity. They are not essential 
to the oonaideration of the present problem. 

' Carbon monoxide and nitrous oxide have a similar effect on the oxidase. 
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There is some in vitro evidence that the oxidation of metabolites may be carried 
out by a series oxido-reduction of both systems. Thus, Theorell (1937) shows that 
the yellow enzyme’s coenzyme may sometimes be coupled with the cytochrome 
oxidase and oxidized by the latter. Dewan & Green (1938) suggest that a ‘‘co- 
enzyme factor” catal)rses the reduction of the cytochrome complex by the coenzyme 
of the yellow enzyme. Several such complex series have been evolved by means of 
various in vitro experiments. It has oft^ been suggested that the various oxidative 
enzymes and carrier systems are linked in a series according to their respective redox 
potentials (as measured in vitro). For a recent summary of this point of view see 
Barron (1939). 

However, the very fact that the respiration of most cells is only partially in- 
hibited by cyanide permits of the use of the concept of a “ cyanide-sensitive system” 
and a “cyanide-stable system”. That is, regardless of the inner complexities and 
the precise course of the respiratory processes, this fact indicates that the total 
respiration may be accounted for by two enzyme series — ^the one blocked by cyanide, 
and the other unaffected by this poison. However complicated and interrelated 
these two series may be, they are clearly distinguished by their means of reducing 
molecular oxygen. The “cyanide-sensitive system” accomplishes this through the 
cyanide-sensitive cytochrome oxidase, while the “cyanide-stable system” does so 
through an enzyme which is not affected by cyanide. 

The extent of the cyanide inhibition of respiration would seem to indicate the 
relative activity of these two systems. In his early work, Warburg (1927) foimd that 
over 95 % of the respiration of bakers* yeast (in a medium containing sugar) was 
inhibited by cyanide. This high sensitivity^ led him to believe that the “ Atmungs- 
ferment” accounted for almost all cellular respiration. This suggestion caused 
other workers, and Dixon & Elliott (1929) in particular, to test the hypothesis by 
determining the cyanide-sensitivity of various tissues. The fact that the average 
sensitivity of mammalian tissues was but 65 %, led Dixon & Elliott strongly to 
dispute Warburg’s conclusion. Since then the literature has contained a series of 
contradictory data and disputed conclusions on this subject. It is the purpose of 
this paper to analyse these data with the aim of providing a description of the re- 
lationships between the respiratory systems as they occur in the living cell. Further, 
it will be shovm that cyanide inhibition may be used as a means of elucidating 
certain internal properties of the Warburg-Keilin respiratory system. 


II. THE RELATIVE RATES OF ACTIVITY OF THE CYANIDE-SENSITIVE 
AND CYANIDE-STABLE RESPIRATORY SYSTEMS 

In the enunciation of his “Atmungsfennent” theory, Warburg assumed that 
it was alone the mediator of all cellular respiration. Consequently he concluded 
that oxygen consumption should be completely inhibited by a low concentration of 


^ The term ** cyanide sensitivity'’ is defined as the percentage of the total rate of r«piiation 
which is inhibited by cyanide, i.e. 

cymid. ,a,ritiyity-<3^ f in CN) ^ _ 

(original rate) 
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cyanide. This was found to be the case for the respiration of yeast in a sugar medium, 
but further research showed that there were many exceptions. As early as 1889 
Linosier had found that cyanide sometimes did not inhibit respiration very 
extensively. A similar observation had been noted by Battelli & Stem (1907), who 
found that cyanide produced but a small percentage inhibition of the respiration 
of mammalian tissues. Warburg himself (1919) and Emerson (1927) demonstrated 
that respiration of the alga Chlorella was only slightly cyanide-sensitive. Lund 
(1918a, b) and Shoup & Boykin (1931) found the same to be true for the 
respiration of Parameciim. 

Finally in 1929 Dixon & Elliott made many careful measurements of the respira- 
tion of mammalian tissue slices in phosphate-Ringer’s solution and in this me^um 
plus M/300 HCN. They foimd that inhibition varied from 25 % to 91 % for various 
samples of several tissues. Since the average inhibition was about 65 %. they con- 
cluded that: “The respiration of animal tissues is made up of two parts. One, 
accounting for about two-thirds of the total, is due to systems poisoned by cyanide; 
the other one-third is due to systems which are stable to cyanide. Warburg’s ‘res- 
piratory enzyme’ (Keilin’s cytochrome-indophenol oxidase system) can therefore 
only account for at most about two-thirds of the total respiration of animal tissues.” 
It was also shown that the respiration of “fed” baker’s yeast (incubated in sugar, 
and respiration measured in the same medium) was inhibited about 95 % by M/30 
KCN, while “starved” yeast (suspended in sugar-free buffer and aerated before 
use) was inhibited only 72 %. 

The conclusions reached by Dixon & Elliott were sharply criticized by Warburg 
(1931) on the grounds that the use of phosphate, bicarbonate-free medium (since 
all carbon dioxide was absorbed by the KOH inset) injured the cells, and that the 
“Atmungsferment” of such “geschSdigten Zellen” would consequently be in an 
abnormal state and not suffer complete cyanide inhibition. Warburg’s student, 
Alt (1930), repeated the work of Dixon & Elliott, but with a bicarbonate buffer and 
an atmosphere containing carbon dioxide. (The two-vessel method was used.) 
Alt found that Njioo cyanide inhibited the respiration of kidney, liver and spleen, 
96, 99, and 95 % respectively. The discrepancy between these results has been the 
subject of a long controversy, and has usually been ascribed to the different effect 
of phosphate and bicarbonate buffers.^ It is, however, necessary to note here that 
another factor must be considered as well. Alt’s respiration medium contained a % 
glucose, whereas that of Dixon & Elliott did not include a substrate. Unfortunately, 
no mention of this is made in the body of Alt’s paper, and the presence of glucose 
is noted only in the appended protocols. As will be shown below, it is this which 
is at the bottom of the “discrepancies”; the substrate concentration is the critical 
factor. 

^ V. Heynmgen (1935) has shown that rat tissue slices (liver and kidney) in a phosphate medium 
have a xeq>iratian rate t^ is ao % lower than dm rate in a bicarbonate m^um. However, the rate 
in the presence of cyanide is the same m both cases. Thus it appears that phosphate inhibits the 
respiration by affectii^ the cyanide-sensitive s^ntetn alone. This dfect may in part contribute toward 
the low percentage inhibition found by Dixon & ]QIiott and other woikers who have used phosphate 
media. This result is confirmed by the observations of Kisch (1933^). 
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Keilin (1932) suggested that cells that are saturated with carbohydrate metabolite 
appear to be more cyanide-sensitive than cells respiring in a substrate-free medium. 
This was known to be true for yeast (Warburg, 1927; Dixon & Elliott, 1929) and 
for Chhrella (Emerson, 1927 a, b). Keilin was unaware of the fact that Alt’s medium 
contained glucose, and ascribes the above discrepancy to the buffer used. 

The solution to these difficulties becomes apparent with a closer examination 
of the data of Alt and of Dixon & Elliott. The tables published by the latter show 
that slices of the same tissue show a wide distribution of respiration values in Ringer- 
phosphate alone. Thus, seven samples of sheep liver give rates varying from 360 to 
1800 cu. mm. of oxygen per gram of fresh tissue per hour (i.e. a five-fold variation). 
On the other hand, the respiration of these same slices in the presence of M/30 KCN 
is far more constant, varying only from 61 to 91 (variation: 1*5 times) cu. mm. of 
oxygen per hour per gram wet weight. A similar effect is apparent in all their data, 
and it appears that all random variations in original rate of respiration are much 
larger than variations in the residual respiration in the presence of cyanide. 


Consequently, since percentage inhibition — ^ i *0 — “ 


100, 


slices that had a high original rate showed a high sensitivity (i.e. percentage 
inhibition) to potassium cyanide and vice versa. In order to test this relationship 
we may state that: 

Original rate of respiration— KCN-sensitive respiration 

+KCN-stable respiration, (1) 


(all of these values in terms of the absolute rates). If the absolute value of the cyanide- 
stable respiration remains constant while the original (KCN-free) rate varies, then 
the above equation may be written in the Jorm 


y^x+b, (2) 

where 3;= original (KCN-free) rate of respiration, absolute value of the KCN- 
sensitive respiration, and b = the absolute value of the KCN-stable respiration (which 
is constant). If this relationship holds, a plot of the original rate of respiration (y) 
against the absolute value of the KCN-sensitive respiration {x) should fall on a 
straight line with a 45° slope. Furthermore, the intercept of this line on the ordinate 
is equal to the constant b and represents the true value of the cyanide-stable re- 
spiration. 

The data of Dixon & Elliott are plotted in these terms in Fig. i. It is apparent 
that the above relations hold quite well. They are equally descriptive of the 
variations between different tissues and the variations between different slices of 
the same tissue. 

This relationship also serves to clarify the apparent discrepancy between the 
data of Dixon & EUiott and those of Alt. If the original rates of respiration are 
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compared, we find that the maximum Qq^ obtained by Dixon & Elliott is: for 
sheep kidney, —8*5; rat liver, —4*3; ox spleen, —1*5. The corresponding 0 o* 
obtained by Alt for rat tissues is: kidney, —19*4; liver, — 15*1; spleen, —12*3. 
When the absolute values of the cyanide-sensitive respiration are calculated from 



Fig. I. Data adapted from Dixon & Elliott (1939) and Alt (1930). The medium used by Dixon & 
Elliott contained no substrate, while that used by Alt contained O’a % glucose. ** Qo, inhibited” 
equals the original Qo, minus the |?o in cyanide. 

the percentage inhibitions given in Alt's paper (see p. 172), the three upper points 
of Fig. 1 are obtained. It is dear that both sets of data follow the same relationship. 
The difference in percentage inhibition is merely a result of the difference in the 
original rate of respiration of the tissues. Thus, while the rates of respiration of 

^ The symbol ” Q0|’* is defined as the number of cubic millimetres of oxygen consumed per hour 
by an amount of tissue of i mg. dry weight. The data of Dixon & Elliott are converted to Qo^ by 
multiplying by i/aoo, assuming an 80 % water content for wet tissue. The native sign indioUea 
that oxygen is absorbed. 
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Alt’s tissues are much higher, the cyanide-stable respiration is equal to that found 
by Dixon & Elliott; i.e. points from both sets of data fall on the same straight line. 
The intercept of this line indicates that the absolute cyanide-stable respiration is 
represented by a 0o, of about - i-o. 

Thus, percentage inhibition by cyanide depends on the original cyanide-free 
rate of respiration. The cyanide-stable respiration rate is relatively constant and low 
in value as compared with the original rate. Consequently, as the variable original 
rate increases, die percentage inhibition also increases and approaches 100%. 

Thus, the apparent discrepancy between the two sets of data is a consequence 
of the difference in original Qq.J probably due to the fact that Alt’s 

medium contained glucose, while that of Dixon & Elliott did not include any 
metabolite. Furthermore, Fig. i shows that variations in from sample to sample, 
and from tissue to tissue occur within the cyanide-sensitive part of the respiration 
alone. This may be accounted for by differences in the metabolite content of the 
various samples and tissues, due to specific handling or the state of the nutrition of 
the original animal. Thus, it is likely that a liver slice (for example) taken from a rat 
with a high blood-sugar content would respire at a higher rate (per gram) than 
would a liver slice from a temporarily starved animal. These two samples would 
therefore exhibit divergent percentage sensitivity to cyanide, but identical cyanide- 
insensitive respiration (i.e. in absolute values). Similar effects might be caused by 
different lengths of time of soaking previous to respiration measurements. 

It is dear, therefore, that a statement of average percentage inhibition produced 
by cyanide does not indicate the relative activity of the cyanide-sensitive and cyanide- 
stable systems. Hence the condusion that one-third of the respiration of mammalian 
tissues is carried by cyanide-stable is by no means a valid one. On the 

contrary, Fig. i shows that when the tissue is supplied with glucose, and the cyanide- 
sensitive system thereby permitted to function at its maximum capacity, a total 
(KCN-free) 0 o, of about - 19 is obtained while the cyanide-stable 00, i® 

— 1*0. Thus, about 95 % of the respiration of a substrate-saturated tissue appears to be 
cyamde-sensitive. 

The following survey of the available data of this type serves to substantiate 
and extend these conclusions. 


(i) Mammalian tissues 

Bruno Kisch (1933 a, b) has published a large amount of data on the effect of 
cyanide on the respiration of various mammalian tissue slices in a number of dif- 
ferent media. The tissue slices were prepared in the conventional manner and re- 
spiration measurement^ were made in Warburg respirometers. Kisch presents his 
data in the form of a table of values of original go, 60, presence of 
cyanide (symbol: 0 o^). These data have been recalculated and plotted as graphs 
of original cyanide-free go, Cv) agabist the go, inhibited by cyanide {x). The data 
for the various tissues are plotted separately, each point representing the values for 
the respiration of a single tissue slice. All available data are plotted in Figs. 2^5. 
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These show that the relationship described above holds for each of the tissues 
investigated. Figs. 3-5 show that the addition of carbohydrate substrate raises the 
original not affect the value of Q^. On the other hand, if an amino- 

add is added to the medium, the value of is increased along with the original 
go,- Thus, it is indicated that the respiratory breakdown of these amino-adds is 



Fig. 2. Data adapted from Kiach (1933). 

in part mediated through the cyanide-insensitive systems. Fig. 2 shows that the 
presence of phosphate in the medium (containing no metabolite) results in a similar 
dependence of go, j 2 of * Apart from these exceptions, the data show that 

differences in the go, different sainples of the same tissue occur mainly within 
the cyanide-sensitive system. Further, the differences in original go, between the 
various tissues are also in the main limited to variations in the cyanide-sensitive part 
of the respiration. Thus, while all tissues have a gof of about -I’S, the values 
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of j 2 o, (maximum) vary from — 15-0 (liver) to - 28-5 (kidney). Brain tissue appears 
to be quite exceptional in having a of 0. 

Similar data obtained by other workers, although less extensive, show the same 
eflFect. Thus, v. Heyningen’s (1935) measurements on tissue slices of liver, kidney, 
spleen, intestine, brain cortex, and testes of sheep, ox, rat and guinea-pig — ^with or 
without added substrate (glucose and lactose), fall on the usual straight line (see 
Fig. 6). A single determination, made in a medium containing pyruvate (using a 



Fig. 3. Data adapted from Kiach (1933). 

guinea-pig kidney slice) is exceptional in indicating a large proportion of cyanide- 
insensitive respiration. The values obtained for percentage inhibition vary fmm 
61 to 90 %, with an average of 80 %. 

The data obtained by Torres (1935) with rat liver, kidney, testis, brain and 
diaphragm respiring in Ringer’s solution and in serum are also shown in Fig. 6. 
They follow the same relationships. 

Figs. 9 and 10 show the same effect for the data obtained by Groen & Schuyl 
(1938) with rat liver and kidney in a non-nutrient medium. 

I^^s complete data show similar results. Thus, Green & Broateaux (1936), 


20 


Rat In or 


Oo, inhibited 

Fifi. 4. Data adapted from Kwch (i 933 )' Media used as follows : (1) no substrate ; (a) aimno-acads 

(3) lactate: (4) glucose. 


QOt inhibited 

Fig. s. Data adapted fiom Kisch (1933). Medw used as followB: (i) no substrate; (a) glucose; 
(3) amino-adds; (4) lactate or pynrvate; (s) no substrate but c ont a inin g phoqihate. 
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working with rabbit brain slices, in a non-nutrient medium, obtained a Qq^ of 
- 5*9 and a of “ i*3- If medium contained lactate (M/125) ^ a substrate, 
the 2 o, but the value of only —17. Thus, the increase in re- 



Fig. 6, Data adapted from v. Heyningen (1935) and Torres (1935). The medium used hy the latter 

contained no substrate. 

spiration caused by the addition of lactate to the medium was mediated through the 
cyanide-sensitive respiratory system alone. The same effect was found with pigeon 
Mdney. 

Similarly, Chapheau (1932) finds that the Qq^b of oyster tissues in a non- 
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nutrient medium are : muscle, — 0-21 ; mantle, — 0-90 ; gills, — i *78 ; hepatopancreas, 
— Yet the values for are respectively: —0*21, —0*50, —0*095, "”0*20. 

These results are summarized in Table 1 . This table indicates that variations in 

between the various tissues listed occur almost completely within the cyanide- 
sensitive system alone. Although the various values of Qo, cover a wide range, the 
corresponding values of Qof remain r^narkably constant. 

The literature reveals no significant exception to the above phenomena. Munt- 
wyler & Binns (1933) have also made some measurements of the cyanide-sensitivity 
of various rat tissues in Ringer’s solution. Since the medium did not contain a 
metabolite, the percentage inhibitions are low and range from 36 to 74 %. However, 
since no absolute rates are given, it is not possible to obtain any further information 
by means of the type of plotting described above. Stare & Elvehjem (1933), working 
with a wide variety of normal and specially treated mammalian tissues, also find low 
percentage inhibitions ranging from 42 to 72 %. However, the data for any single 
tissue are insufficient for plotting. The respiration of holozoic protozoa has been 
consistently found to be cyanide-stable (see Lund, 1918; Shoup & Boykin, 1931). 
This is probably due to the fact that these forms do not oxidize carbohydrates very 
actively and are characterized by a protein metabolism. 

(2) Plant tissues 

The early measuremefits made by Warburg (1927) on the effect of cyanide on 
the respiration of bakers’ yeast, in the presence and absence of dextrose, showed that 
the increase in Qq^ that normally follows the addition of sugar (to a non-nutrient 
medium) is entirely inhibited by the presence of cyanide. The value of is 
independent of the normal and is but 5 % of the maximum value of the latter 
(i.e. in the presence of a maximal sugar concentration). Consequently, the percentage 
inhibition depends on the original Qo, and thus on the dextrose concentration of 
the medium (since the Qq^ is a function of the dextrose concentration). This effect 
has been more completely elucidated by Commoner (1939), and certain of its aspects 
are further discussed below. 

AlS noted above, Warburg (1919) also found that the respiration of Chlorella in a 
non-nutrient medium is not sensitive to cyanide. Emerson (1927a, b) found, however, 
that the addition of dextrose to the medium results in a four-fold increase in j2o,i 
and this increase is entirely inhibited by cyanide. Similarly, Genevois (19270, 6, 
1929) has shown that the increase in the respiration rate of Chlorella brought about 
by the addition of dextrose, laevulose, mannose, galactose and various aldehydes 
and fatty adds is completely inhibited by cyanide. Similar results were obtained 
with Scenedesmus. These data are l^d in Table I. 

Genevois’s determinations of the cyanide sensitivity of Laihyrus emhryos 
provide evidence of a new type. The measurements were made in a non-nutrient 
medium, using whole embryos of various ages, etiolated embryos, starved embryos, 
and various parts of normal embryc». In every case the was found to be about 
— 1*0. However, the original Qq^s for the various materials varied jfrom — i*o to 
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Tissue and 

organism 

Kidney 

9f 

Rat 

99 

9f 

99 

99 

Sheep 


Guinea-pig 


Pigeon 

R^bit 

Liver 

Rat 


99 

99 

>» 

» 

91 

99 

Sheep 


If 

Ox 

99 

^bbit 

Heart 

Rat 


Qx 

J> 

Sheep 

Diaphragm 

Rat 

MuacU 

PLabbit 

Retina 

Cow 

Brain 

Rat 

99 

99 

99 

Rabbit 

99 

99 

11 

Sheep 

Spleen 

Ox 

Rat 


Ox 

Intestine 

Rat 

Testis 

99 

ThWus 

99 

Sheep 

Mantle 

Oyster 

Gills 


Muscle 


Hepatopancreas 



Maximum 

-QOt 


^ON Respirable 
^o» substrate 


ChloraUa 
Scenedestmu 
Hmatococaa 
Coleastrian 
4-day-old Lathwus embryo 
lo-day-old Latf^rus embryo 
Etiolated Lathy^ embryo 
L<«f of Latlwrus erobryo 
Stalk a£ Lathynu embryo 
Root of Lait^rus embryo 
Starved Lati^nu embryo 
Starved Lamyrus embryo 
Activated spores of Neurotpora 
tetrcapema 



Reference 


Alt (1930) 

Torres (1935) 

Kisch (19336) 

V. Heyningen (i93S) 


Green & Brosteauz (1936) 
Dixon & Elliott (1929) 
Kisch (19336) 
v. Heyningen (1935) 

Alt (1930) 

Torres (i93S) 

Dixon & ElOott (1929) 

V. HeyniMcn (i93S) 
Dixon & Elliott (1929) 

V. Heyningen (i93S) 
Dixon & Elliott (1929) 

Kisch (1033% 

Dixon & Elliott (1929) 

Kisch (1933^) 

Torres (igSS) 

Dixon & Elliott (1929) 
Kisch (19336) 

Torres (1935) 

V. Heyningen (1935) 
Dixon & Elliott (1929) 
Green & Brosteaux (1936) 
Dixon & Elliott (1929) 

Alt (1930) 

V. Heyningen (i93S) 


Torres (i93S) 

Dixon & Emott (1929) 
Chapheau (1932) 


Gcnevois (r92'7a, b) 


Godda^ & Smith (1938) 


comparable to those listed above. The val^ 
the order of xoo) and depend in the main 
these forms are usually usm in suspensionSi 


weight is rather unreliable. 
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-4-3. Thus, differences in Qq^ that depend on age or nutritional state occur only 
within the cyanide-sensitive system. This is also true for differences between the 
normal of various parts of the plants such as leaf, root and stalk. Similarly, 
Bonner (1934) reports that the percentage inhibition (by cyanide) of the respiration 
of Avena coleoptiles increases with the original Qq, ^ latter varies with age. 

The cyanide-sensitivity of the respiration of bacteria is also conditioned by the 
original respiratory rate in the absence of cyanide. Thus, Gerard (1931) reports 
that the percentage inhibition of the respiration of Sarcina is greater in a meium 
containing glucose than in a non-nutrient medium. Burnet (1927) has shown that 
the bacteria whose growth is inhibited by cyanide have a relatively high aerobic 
respiration and are characterized by a carbohydrate metabolism. The group that 
vms unaffected by cyanide included the streptococci and pneumococci, both of 
which have a relatively low rate of respiration and tend to convert glucose to lactic 
acid (by fermentation). Fujita & Kodama (1934) examined a large number of 
bacteria and found that only the actively respiring aerobes Were markedly sensitive 
to cyanide (i.e. showed a high percentage inhibition). In particular, such active 
oxidizers of carbohydrates as B. coU^ B. dysenteriae and B. typhosus were inhibited 
to the extent of 90 %. (Unfortunately, no direct comparisons of the values of 0 o, 
and can be made since the data indude only values for percentage inhibition.) 
On the other hand, the respiration of strict and (microaerophilic) facultative an- 
aerobes (which have a low 00, and tend to ferment rather than respire glucose), such 
as Cl. histolytica^ Cl. welckU, Pneumococcus and Streptococcus, is not at all aff^ected 
by cyanide. Furthermore, the latter group is characterized by a lack of cytochrome 
while cytochrome is always present in the actively aerobic forms (see Frei et al. 1934). 

It appears from these data that the phylogenetic variation of respiratory activity 
among the bacteria is due to a greater or less activity of the cyanide-sensitive 
system, and that this system seems to be particularly concerned with the oxidation 
of carbohydrates.^ The cyanide-stable respiratory system seems to be about equally 
active in all forms (i.e. is about equal for all forms). It carries all of the 
oxidative activity in the microaerophilic forms. The higher 0 o, the activdy 
aerobic bacteria is due to the activity of the cyanide-sensitive system, and the 
cyanide-stable respiration is but a small part of the total. Furthermore, since most 
of the microaerophilic groups are characterized by a fermentative and predominantly 
protein metabolism, it may be suggested that the cyanide-stable system is mainly 
concerned with the oxidative degradation of proteins rather than with carbohydrates. 


(3) The relative activity of the cyanide-sensitive and cyanide-stable 
respiration during development 

The respiratory rate of developing plants and animals has frequently been shown 
to vary during the course of embryogeny. The inhibitory effectiveness of cyanide 

^ Bertho & GUick (1933) show ihst the respiiation of B. aeidophtbu in glucose is not cyanide- 
sensitive. Hie lesponse to glucose is small, however. The incxease in Qoi occasioned by the addition 
of iducose is but 50 % of cochibited by B. coS (for egcample) under the same conditions. 
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has also been found to vary with the developmental state, and this can now be cor-, 
related viith the changes in original Qo,* 

The work on marine eggs illustrates this point. Warburg (1908) and others 
have demonstrated the rapid increase in respiratory rate that follows the fertilization 
of echinoderm eggs. Runnstrom (1930) has also found that the percentage inhibition 
of the respiration of these eggs (by cyanide and carbon monoxide) is markedly 
increased at fertilization. He also provides evidence to show that the increase 
in Qo, upoii fertilization is due to the sudden activation of the cyanide-sensitive 
system. Korr (1937) also concludes that the fertilization of Arbacia eggs is occa- 
sioned by the activation of the indoph^iol oxidase-cytochrome system. Certain 
echinoderm eggs do not exhibit a change in Qq, upon fertilization; in others 
there is even a marked decrease in respiratory rate (see Whitaker, 1933). The 
effect of cyanide upon the respiration of such eggs has not as yet been determined, 
but it woidd be of great interest to do so. It is quite clear, however, that the increase 
in respiration on the fertilization of such eggs as that of Arbacia is mediated through 
the cyanide-sensitive system alone. 

The effect of cyanide on the respiration of grasshopper embryos {Melanophs 
differentiaUs) during the various developmental stages has been investigated by Bodine 
and his co-workers. They find (Bodine & Boell, 1934) that the total Qq, of "the embryos 
increases during the first 20 days of development and falls to a minimum at 40 days. 
This low level is maintained for the period of the diapause (from the 40th to 
the 90th day) during which time the developmental processes are suspended or 
“blocked”. At the end of this period developmental activities recommence and 
the j 5 o, rises sharply, The respiratory rate continues to rise from the 90th day until 
the embryo hatches out. During the entire course of development the value of 
Qof remains constant, and is equal to the value that the reaches during the 
diapause. Consequently, the percentage inhibition caused by cyanide is high durii^ 
the pre-diapause and post-diapause periods, but falls to a value of almost zero 
during the diapause. Thus, it is apparent that the changes in Qo, occur during 
development are due to variations in the activity of the cyanide-sensitive system 
alone. 

The data of Gk)ddard & Smith (193S) on the increase in respiration that accom- 
panies the activation and germination of the spores of Neurospora tetrasperma 
(a fungus) show the same effect. The dormant spores have a go, of - 0-27, while 
activated spores that are about to germinate have a go, of - io*86. If o*oi M KCN 
is added, the gof of the dormant spores is —0-17, while that of the activated spores 
is - 0*30. That is, the increase in respiration that occurs upon activation is mediated 
almost entirely through the cyanide-sensitive system. The cyanide-sensitive 
respiration of activated spores is some 40 times greater than the cyanide-stable 
respiration, and the latter is equivalent to the total respiration of the dormant 
spores. 

Thus, there appears to be a common pattern in the respiratory changes that 
accompany these cases of embryogeny, namely that variations in respiratory rate 
occur mainly through changes in the activity of the cyanide-sensitive system. The 
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cyanide-stable respiration remains at a small but constant level throughout the 
course of development. The precise manner in which these changes occur is by no 
means clear. In the case of Arbada eggs, Runnstrom (1930) suggests that the in- 
creased activity of the cyanide-sensitive system is due to the release of ‘ ‘ unavailable ’ ’ 
metabolite substrates as a result of the protoplasmic activation that accompanies 
fertilization. On the other hand, Korr (1937) maintains that the important factor 
in this phenomenon is the release (upon fertilization) of the egg’s cytochrome from 
some “unavailable” form. It may be noted here that there have been no direct 
investigations of the effect of the addition of various substrates on the course of 
these respiratory changes. Such experiments may yield important information 
concerning these effects. 

(4) Respiratory gradients 

The theory of axial gradients of metabolic activity developed by Child (for 
a general reference see Child, 1929) and his co-workers, provides certain indirect 
but suggestive evidence on the inhibitory effect of cyanide. These workers have 
shown that many organisms exhibit an axial gradation of respiratory rate, which they 
suggest as the basis of the polarity and “dominance” in development and regenera- 
tion. For example. Child & Hyman (1926) have shown that sections of the hydroid 
CorymorphUj excised at various levels along its longitudinal axis, exhibit a graded 
intensity of respiration. The rate is at a maximum at the anterior end and decreases 
posteriorly. Similar determinations have shown the same to be true for a number 
of different forms including flat-worms, annelids, sponges, asddians and vertebrate 
embryos. Furthermore, it has been found that these animals show a similarly 
graded susceptibility to killing by cyanide. The anterior end disintegrates most 
rapidly in the presence of cyanide, and the regions of lower respiratory rate do so 
more slowly — susceptibility being roughly directly proportional to respiratory 
activity. Unfortunately, there appear to be no comparable measur^ents of the 
cyanide-sensitivity of the respiration of these forms, but it would seem likely that 
this is directly-related to the susceptibility (i.e. tendency to disintegrate) to cyanide. 
If so, it is suggested that the gradation of respiratory rate is in the main a conse- 
quence of variation in the activity of the cyanide-sensitive respiratory system. 

(5) Other factors 

According to an abstract published by BoeU (1938), the percentage inhibition 
(by cyanide) of the respiration of grasshopper embryos is proportional to the original 
Qo, when the latter is altered by variations in temperature or in the oxygen content 
of the atmosphere (unpublished data). In other words, variations in the j^o, 
occur as a consequence of changes in temperature or^o, to be limited to the 
cyanide-sensitive system. It would appear, therefore, that the cyanide-srasitive 
system is more labile (in the face of changes in the above conditions) than the cyanide- 
stable system. Korr (1937) also reports that the cyanide-sensitivity of Arbada eggs 
increases when the Qq. increases as a consequence of a rise in temperature. 
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(6) Simmary 

In summary we can now elucidate certain aspects of the effect of cyanide on 
cellular respiration. 

(1) It is apparent from Table I that when the total Qq, varied by alteration 
in any one of a number of external factors, the absolute value of the respiratory 
rate in the presence of cyanide (i.e. Q^) remains remarkably constant. Thus, these 
variations in total Qq^ occur almost entirely within the cyanide-sensitive system 
alone. Regardless of the value of the addition of cyanide (in a maximal con- 
centration) brings the respiratory rate to the same low level. The factors which 
affect the Qq^ by altering almost exclusively the activity of the cyanide-sensitive 
system are: 

(a) The concentration of available carbohydrate substrate. 

(b) The presence of phosphate in the medium. 

(r) The temperature. 

(d) The concentration of oxygen in the medium -^o,* 

(e) Embryonic stage. 

(f) The particular nature of the organ (of a given organism). 

(g) The particular nature of the species (within a phylogenetic series, e.g. 
bacteria). 

(k) Random variation of samples. 

The last four factors (e,/, and h) are, of course, more or less superficial in that 
they can probably be reduced to variations in the first group. However, since no 
sudi direct correlations are possible from the data available, they are listed in this 
form. 

(2) Consequently, the percentage of inhibition produced by cyanide depends on 

the original rate of respiration, and with a very high go, approach a value, of 

100 %. A very wide variation in percentage inhibition can be obtained merely by 
varying the original Now, since the value of the go^ depends on the factors 
enumerated above, the percentage inhibition will depend on these factors as well, 
and is by no means a constant characteristic of a given tissue or organism. In other 
words, percentage inhibition of respiration by cyanide is not in itself a valid measure 
of the relative activity of the cyanide-sensitive and cyanide-stable systems. 

(3) From the facts that most variations in go, occur within the cyanide-sensitive 
system alone, and that the value of is usually but 5-10% of the possible 
(i.e. maximum) total go,, it becomes apparent that the cyanide-sensitive system is 
by far the more active. It has the greater potential respiratory capacity, and responds 
more readily to variations in a number of physiological factors. It is also the more 
labile to variations in temperature and po.- 

(4) It is indicated by the remarkable constancy of the values of Q^, that the 
cyanide-stable respiration is intimately associated with some very common property 
of all cells. It appears to be equally active (per unit of dry weight of protoplasm) 
throughout a number of different groups of organisms and tissue, and it remains 
constant during a number of physiological changes. In a few cases this system 
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carries almost all of the total respiration (which is then relatively low in value), 
but more often there is present a far more active and labile system which is inhibited 
by cyanide. It also seems likely that the cyanide-stable system is concerned with the 
oxidation of non-carbohydrate metabolites, whereas the cyanide-sensitive system 
is concerned ^vith the oxidation of carbohydrate substrates exclusively. 


III. THE CYANIDE-SENSITIVE RESPIRATORY SYSTEM 

The previous section has shown that the typical aerobic cell utilizes oxygen 
through several channels. A small, fixed part of the respiration is not affected by 
cyanide, while the cyanide-sensitive portion has a large and variable capacity for 
oxygen consumption. The relationship between these two systems has been demon- 



Fig. 7. The relation between the rate of reapiratioD of bakers’ yeast and the concentration of KCN 
i n the medium (with a maximal concentration of dextrose). Reproduced from Commoner (1939). 


strated above by means of an analysis of data involving the complete inhibition of 
the cyanide-sensitive system. This is done by adding cyanide in a concentration 
suf&cient to combine with and thereby inactivate all of the oxidase present in the cell. 
However, lesser amounts of cyanide will combine with only part of the cell’s oxidase, 
and thus the cyanide-sensitive s^^tem is only partially inhibited. 

Consequently, by altering the con(%ntration of cyanide in the medium, it is 
possible to inactivate a greater or lesser part of the cyanide-sensitive Warburg- 
Keilin system. The relationship between respiratory rate and cyanide concentration 
has been worked out in a number of cases, for example: for Chlorella, Genevois 
(1929); B. coU, Cook et al. (1931); mammalian tissues, v. Heyningen (1935); snail 
tissues, Baldwin *(1938}; grasshopper embryos, Robbie et al. (1938); bakem’ yeast, 
Commoner (1939). A typical curve of this sort is shown in Fig. 7. 

We have seen that total inhibition of the Warburg-Keilin system by means of 
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cyanide is a useful method of demonstrating the relationship between the cyanide- 
sensitive and the cyanide-stable parts of cellular respiration. Now it is also possible, 
by means of the partial cyanide inhibition, to reveal certain intrinsic properties of 
the Warburg-Keilin system itself. 

The oxidative activity of the Warburg-Keilin system is a function of two 
external factors, namely, the concentration of metabolic substrate available, and 
the concentration of oxygen in the surrounding medium (/>o,)- "The substrate 
concentration is readily altered by controlling its concentration in the medium. 
When this is done, it is typically found that the rate of respiration is related to 
the substrate concentration by a hyperbolic function characteristic of adsorption 
processes (see, for example, top curve of Fig. 8). The rale rises rapidly with the 



Fig. 8. The rate of respiration of bakers’ yeast in various concentrations of dextrose and KCN ; 

taken &om Commoner (1939). 

first increases in the substrate concentration, but finally levels off and reaches 
a maximum value which is maintained in spite of further addition of substrate. 
This phenomenon is a consequence of the limited capacity of the dehydrogenase. 
As the substrate concentration is increased, the "surface” of the dehydrogenase 
becomes increasingly saturated (with a corresponding increase in <2o ) until it is 
completely "covered ” by the adsorbed substrate. Any further increase in substrate 
concentration will not affect the j^o,. 

The relation between _po, nnd Qq^ seems to be similarly controlled by an adsorp- 
tion function; i.e. the adsorption of molecular osiygen on the oxidase (which also 
has a limited capacity). Because of te chninal difficulties, tfiis relationship ha« been 
only partially investigated (see Tang (1933) and Kempner (1937) for summaries). 
A more simple method of accomplishing this task is the elimination of more or less 
of the active oxidase by Topa n s of cyanide. 

Thus, by altering the substrate and cyanide concentrations in the medium, it is 
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possible to regulate the extent of the activity of the dehydrogenase and oxidase 
respectively. In this way, one can determine the relationship between the rate of 
the respiration mediated through the Warburg- Keilin system, and the two external 
factors that control its activity. 

This relationship has been described by Commoner (1939) for the case of 
bakers’ yeast. The data are presented in the form of Fig. 8. In submaximal 
concentrations of cyanide (e.g. iO“®M), the r^piration is not inhibited imtil a 
critical concentration of dextrose (the substrate) is reached (0-002 M). At this 
point the rate ceases to increase with the dextrose concentration. Since the respira- 
tion rate in a cyanide-free medium continues to rise with the dextrose concentration 
even beyond this point (see upper curve of Fig. 8), the cyanide then becomes 
inliibitory in that it prevents this increase in rate. Thus, io“®Af cyanide does not 
inhibit the respiration unless the medium contains dextrose in a concentration 
greater than o-ooaAf (i.e. the critical concentration). As the cyanide concentration 
is increased, the critical dextrose concentration becomes smaller. In a maximal 
concentration of cyanide (2 x io“*M), even the endogenous respiration (i.e. in a 
sugar-free medium) is inhibited. Thus, the percentage inhibition produced by a 
given submaximal concentration of cyanide depends on the dextrose concentration. 
This, in a way, is only another case of the generdization made above, that percentage 
inhibition is a function of the original cyanide-free rate of respiration. However, 
in this case the effect is due to the intrinsic properties of the Warburg-Keilin 
system alone. 

It appears from these data that the relationship between the extent of saturation 
of the oxidase (as controlled by the cyanide concentration), the extent of saturation 
of the dehydrogenase (as controlled by the dextrose concentration) and the rate of 
respiration, is not a continuous one. When the dehydrogenase is only slightly 
saturated with dextrose, a decrease in the extent of saturation of the oxidase (by the 
addition of cyanide) has no effect on the rate of respiration. Conversely, when the 
oxidase saturation is low, an increase in the saturation of the dehydrogenase (by the 
addition of dextrose) is of no effect. It is apparent that changes in the saturation 
of either the dehydrogenase or the oxidase have a discontinuous effect on the rate 
of respiration. This suggests that these parts of the Warburg-Keilin system are not 
in a kinetic homogeneous equilibrium. In this way, partial inhibition of cellular 
respiration by cyanide provides a description of certain internal properties of the 
Warburg-Keilin system. 

An extension of this phenomenon can be found in the work of other authors. 
In the case cited above, we dealt with but a single dehydrogenase. Actually, as 
Quastel & Whetham (1925 a, h) have shown, the oxidation of each carbohydrate 
substrate is mediated through a dehydrogenase specific to it. Consequently, we 
may think of the Warburg-Keilin system of a typM cell as mediating the oxidation 
of several carbohydrate substrates through as many separate dehydrogenase enzymes. 
Thus, the cyanide sensitivity of the oxidation of a number of such substrates (and 
various mixtures of these) can provide further information concerning the internal 
relationships of this respiratory system. 
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This has been done by Cook et al. (1931) and by Cook & Haldane (193 1)- These 
authors show that the go, of toluene-treated B. coti varies with the particular carbo- 
hydrate present in the medium. Thus, for equivalent amounts of each substrate, the 
Q0I& obtained are : for formate, — 5571 ; lactate, — 1723 ; succinate, — 1277 '» glucose, 
— 855 ; no substrate, — 217. It was also found that the sensitivity of the respiration 
of Ae bacteria to cyanide and carbon monoxide increased with the Qq^ and was 
thereby dependent on the nature of the substrate. Thus, o-oi M cyanide caused an 
inhibition of 98*4 % if formate was present, but only a 61 % inhibition in the presence 
of lactate (in equivalent concentrations). That is, in spite of the wide divergence in 
the values of in formate and lactate, the values of gof are very similar: 
formate, - 89, and lactate, - 66. The sensitivity to carbon monoxide, as determmed 

by the value of the affinity constant K [Ik= o^^ase for 

^ \ affinityof oxidase for coy 

values of K indicate extreme sensitivity to CO] showed similar relationships. The 
value of K for formate was found to be 3; for succinate, 6; for lactate, 10; and for 
glucose, 20-27. 

A similar effect was found by Ogston & Green (19356) for the respiration of 
brewers’ yeast in various substrates. As shown by Table II, the variation in 
due to diJQFerence in substrate is (relatively) far greater than the variation of 

Tamiya & Kubo (1938) find the same to be true of the respiration of Acetobacter 
in various substrates including ethyl alcohol and glucose. 

In general, it appears that the cyanide (or CO) sensitivity of the respiration of 
these various substrates is a function of the relative capacity of its specific dehydro- 
genase, and is thereby related to the original Qq^. The dehydrogenases with the 
greater capacities (i.e. those producing the greater Qo) require a greater degree of 
activity on the part of the oxidase, thus rendering the respiratory rate more sensitive 
to the reduction in oxidase saturation which is occasioned by the addition of cyanide. 


Table II. {From Ogston and Green (19356)) 


Substrate 

&01 


None 

65-5 

*6*4 

I^u:tate 

HeaEOse-monophosphate 

570-0 

apS'O 


Hexose-di-phospbate 

1*3*0 


Glycero-phosphate 

149*0 


Glucose 

306*0 



Here, again, we have an example of the general rule relating cyanide sensitivity to 
the original rate of respiration. 

Cook et al, (1931) suggest, on the basis of the differential s^itivity of the re- 
spiration of various substrates, that there are as many different oxidases as there are 
dehydrogenases. They differentiate these oxidases on the basis of their respective 
cyamde (and carbon monoxide) afiSnity ^'constants”. Since these constants are 
defined in terms of percentage sensitivity to the poisons, their values only indicate 
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differences in the dehydrogenase activity and not the supposed differences between 
the several oxidases (cf. Commoner, 1939). The suggestion of multiple oxidases is 
not necessary in the light of the above analysis. The controlling factor is the activity 
of the dehydrogenase, whether this is due to its specific capacity or to the concentra- 
tion of the substrate. 


rV. THE CYANIDE-STABLE RESPIRATORY SYSTEM 

Since the cytochrome oxidase which is responsible for the reduction of molecular 
oxygen is the locus of cyanide-sensitivity, any respiratory system which is not 
cyanide-sensitive must be capable of reacting with molecular oxygen by some other 
means. Artificially, such s)r8tems can be readily produced by the use of methylene 
blue or a similar dye which is capable of reversible oxidation and reduction. Cellular 
enzymes such as the dehydrogenases reduce methylene blue to its leuco-base and 
the latter is reoxidized by molecular oxygen. The cellular components which are 
capable of this type of reaction have been mentioned in § I. Almost invariably, the 
properties of these substances have been determined by in vitro experiments with cell- 
free extracts, and it is therefore difficult to estimate their relative activity within the 
entire cell (i.e. as compared with the activity of the Warburg- Keilin system). Only 
in one case, that of the so-called yellow' enzyme”, is there sufficient in vivo data to 
warrant such an estimation. 

Warburg & Christian (1932) isolated from yeast a “yellow enzyme” that could 
be reduced by hexose-mono-phosphate and reoxidized by molecular oxygen in the 
presence of a coenzyme extracted from erythrocytes. It was soon shown by the work 
of Theorell (1935) and others, that this enzyme is composed of a protein combined 
with a prosthetic pigment group. The pigment was found to be identical with 
phosphorylated riboflavin (or lactoflavin) previously isolated from animal tissues by 
v. Elder & Adler (1934) and Gyorgyi et al. (1934). The substance was also found in 
yeast and bacteria by Warburg & Christian (1933) and in plants by Kuhn et al. 
(1934). The in vitro properties of the yellow enzyme have been summarized by 
Theorell (1937). He shows that the following metabolites may act as substrates of 
the yellow enzyme (in the presence of the proper dehydrogenase extract): Robison 
ester, Neuberg ester, alcohol, glucose, malic add, lactic add, dtric add, and hexose- 
di-phosphate. The oxidation of these substrates is mediated through a coenzyme 
which is a tri-phosphopyridine nucleotide containing nicotinic add amide and which 
is combined with a protein “carrier group”. From this sort of work with extracts 
of the yellow enzyme, the following respiratory system may be constructed: 

O2 -► yHg5± CO+fc COH2 Substrate + Dehydrogenase, 

where Y is the oxidized yellow enzyme; yH2 is the reduced yellow enayme; 
CO is the oxidized co-enzyme; COH^ is the reduced co-enzyme. The question 
of the actual in vivo substrates of this 8)^tem will be dealt witii below. It can be 
seen at once, however, that this system permits of a cyanide-insensitive cellular 
respiration. 
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Several workers have attempted to correlate the cyanide-stable respiration 
(j2of) of various tissues and organisms (i.e. in vivo) with the yellow enzyme 
activity. Lactobacillus^ for example, is known (Bertho & Gluck, 1932) to have a 
relatively high lactoflavin content and a respiratory rate which is low in value and 
stable to cyanide. Adler & v. Euler(i934) obtained a 100 % increase in the respiration 



Fig. 9. The effect of a flavin-free diet on the cyanide-aenaitivity of rat kidney. Data adapted from 

Groen & Schuyl (1938). 

of Lactobacillus by adding lactoflavin to the culture medium. This additional respira- 
tion, like the original respiration, was not inhibited by cyanide. 

Torres (1935) attempted to correlate the lactoflavin content of various tissues 
with the values of J 3 §^ which they exhibited. No positive correlation was obtained. 
Gour^tch (1937), using an improved techijique for the determination of the 
lactoflavin content, reports a definite relationship. This is shown in Table IV, 
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together with lactoflavin determinations made by v. Euler & Adler (1934). Although 
it is doubtful that the smaller differences in Oq^ are significant, certain correlations 
which are based on marked variations, can be considered valid. Thus, retina tissue, 
which is remarkable in having a residual cyanide-stable respiration of about zero 
(see also Fig. 5), has the lowest lactofla\dn content. On the other hand, kidney 
tissue is highest both in lactoflavin content and residual respiration. Gour^vitch 
concludes that, “Get ensemble de fails semble done indiquer que la respiration 



Fig. 10. The effect of a flavin-ffee diet on the cyanide-sensitivity of rat liver. Data adapted from 

Groen & Schuyl (1938). 

residuelle des tissues des mammiftres doit fitre enti^rement attribu6 au systfeme 
respiratoire flavine-ferment”. 

More conclusive evidence has been obtained by Groen & Schuyl (1938). They 
separated a common stock of rats into three groups. One group was fed on a normal 
diet, the second on a lactodavin-free diet for a period of z months, and the third on 
a lactoflavin-h:ee diet for 7 months. In each case respiration measuronents of liver 
and kidney slices were made in Ringer’s solution and in Ringer’s solution plus 
0*01 % NaCN. Determinations showed that the lactoiBavin content of the liver fell 
from iO‘Z to 5*2 iu.g./g. after z months on the lactoflavin-free diet. The same 



192 Barry Commoner 

lactofiavin content was found after 7 months of this diet. On the other hand, the 
iactoflavin content of the kidney did not vary more than 15%. Normal kidney 
contained i6*8 jiig./g- After 2 months of the diet, it contained 15*9 ju-g/g., and after 
7 months 14*4 /Ltg./g. When the respiration data are plotted in the manner used 
above (see Figs. 9 and 10), the relationship between the cyanide-stable respiration 
and the Iactoflavin content is quite apparent. In all cases, we obtain the usual 
straight line with a 45° slope. The values obtained for normal liver tend to fall on a 
straight line that is raised above the level for that of the lactoflavin-free diet, but 
parallel to it. The intercept of the lactoflavin-free line indicates a value of — 0*05 for 
the (Jof > while the line for normal liver indicates a of — 0*4. Thus, the loss of 
flavin from the liver is accompanied by a corresponding reduction in the respiratory 
activity which is stable to cyanide. As would be expected from the fact that the 
normal and treated kidney tissues have similar Iactoflavin contents, the respiratory 
data of these two coincide (see Fig. 9). Thus, it is indicated that the absolute value 
of the cyanide-stable respiration ( 0 of ) directly related to the Iactoflavin content 
of the tissue. 

This conclusion is given further support by the finding of Pett (1935, 1936) that 
when yeast is cultured for 5 days in a medium containing M/600 KCN, its flavin 
content is doubled and correspondingly the value of is also doubled. 

V. THE SUBSTRATE SPECIFICITIES OF THE CYANIDE-SENSITIVE 
AND CYANIDE-STABLE RESPIRATORY SYSTEMS 

There are some indications from the evidence cited in the earlier parts of this paper 
(see p. 175), that the cyanide-sensitivity of cellular respiration depends to some degree 
upon the particular metabolite undergoing oxidation. Several workers have suggested 
that this type of specificity accounts for certain of the variations in the magnitude 
of the cyanide-stable respiration (Keilin, 1932; Kisch, 1933 Oppenheimer, 1938). 

It is clear that this question is exceedingly complex. The increase in consumption 
of oxygen upon addition of a particular metabolite does not necessarily mean that 
this substance is being completely oxidized to carbon dioxide and water through 
the mediation of a single respiratory dbain (or system). The substrate may be 
partially oxidized by one type of oxidative enzyme, yielding thereby a new substance 
which may then be oxidized by another enzyme system. However, taking the re- 
spiratory process as a whole, regardless of the kind and number of steps whereby 
complete oxidation is achieved, it is posable to pose the following question : Is the 
total oxidation of a given metabolite shared between the cyanide-sensitive and 
cyanide-stable respiratory systems; or does the oxidation of each metabolite tend 
to be mediated by one of the two systeoM exclusively? It is impossible, with the data 
at present available, to offer a definitive answer, but certain clarification of the 
question may be attained. 

Keilin (1929, 1930) indicated that the Warburg-Keilin system is capable of 
reacting with many different dehydrogenases, and hence is able to oxidize many of 
the normally present metabolites. This view was based on the observations of the 
cytochrome activity of living cells in the presence of various substrates. His experi- 
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ments were not very extensive, but it was suggested that the cytochrome-cytochrome- 
oxidase system had a general oxidizing power that was applied to a number of the 
existing dehydrogenases, and particularly to those that mediated the oxidation of 
carbohydrates. 

The data concerning the substrates of the yellow enzyme system are, in the main, 
baaed upon in vitro tests with tissue extracts of the component enzymes. It has been 
shown by Euler & Adler (1934) and others that extracts of the yellow enzyme and its 
coenzyme are capable of producing an active oxidation of hexose phosphates. The 
summary of Theorell (1937) lists a number of diverse metabolites as substrates 
(according to in vitro tests) of the yellow enzyme (see p. 189). 

Ogston & Green (1935^,^) have conducted a number of in vitro experiments 
concerning the substrates of both the Warburg-Keilin system and the yellow enzyme 
system. They prepared extracts of the constituent enzymes and measured the rates 
of oxidation after the addition of various metabolites (with the specific dehydro- 
genase already present). The following substrates were tested: lactate, hexose-di- 
phosphate, hexose-mono-phosphate, succinate, xanthine, uric add, glucose, malate, 
and alanine. Of these, the yellow enzyme system was able to oxidize the hexose 
phosphates, glucose and (to a lesser extent) malate, while the Warburg-Keilin 
system oxidized only lactate and succinate. 

On the basis of these observations, Ogston & Green criticize the view of Kdlin 
on the general nature of the oxidative properties of the Warburg-Keilin system. 
However, the validity of this critidsm and the applicability of their results to 
cellular respiration becomes doubtful in the light of other results obtained by the 
same authors (Ogston & Green, 1935 i). Here they show that the respiration of 
hexose-phosphates by brewers’ yeast is completely cyanide-sensitive. This yeast 
contains a considerable quantity of yellow enzyme. When this enzyme is extracted 
and added to hexose-phosphate (together with the co-enzyme), the substrate is 
rapidly oxidized, and the rate is not affected by cyanide. Thus, in the living yeast 
cell the oxidation of this substrate is mediated by the cyanide-sensitive system and 
the yellow enzyme system is not at all active, while in vitro the reverse is true. 

It is apparent, therefore, that the substrate spedfidties of in vitro respiratory 
systems are not at all descriptive of the conditions which actually obtain in the living 
cell. It seems necessary to restrict the evidence to in vivo data. Such data can be 
obtained by measuring the respiration of a tissue (or one-celled organism) before 
and after the addition of a given substrate; and then, in cases where a definite 
increase in rate occurs, also determining the effect of cyanide. Thus, if a given 
metabolite causes a marked increase in the respiration of some tissue, and if cyanide 
inhibits this increase, it may be concluded that this substrate is oxidized by the 
cyanide-sensitive (Warburg-Keilin) system. On the other hand, if cyanide does not 
inhibit the increase in respiration, the oxidation is carried by the cyanide-stable 
system. Table III summarizes the available data on the cyanide-sensitivity of the 
respiration of various substrates by different living cells. 

This table bears out the general sense of Keilin’s view, namely, that the cyanide- 
sensitive system oxidizes the wider range of substrates. The respiration of carbo- 
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Table III. A. Substrates which increase the cyanide-sensitive respiration 


Substrate 

Tissue or organism 

Reference 

Glucose 

Bakers’ yeast 

Warburg ( i Q27), Commoner ( i q^q) 


and others 


Brewers’ yeast 

Ogston & Green (1935 2 >) 


B. colt 

Cook et al. (1931) 


Sarcina 

Gerard (1931) 


ChhreUa 

Genevois (19270) 


Scenedmms 



Lathyrus embryos 

Genevois (1927 6) 


Kidney* 

Kirsch (19336) 


Liver* 



Diaphragm* 

IS 


Ventricle* 



Retina* 


Fructose 

ChloreUa 

Emerson (19270, b) 

Galactose 

CfdoreUa 


Mannose 

ChloreUa 


Lactate 

Acetohacter 

Brewers’ yeast 

Tamiya & Kubo (1938) 


Ogston & Green (19356) 


B. coli 

Cook et al (1931) 


Brain 

Green & Brosteaux (1936) 

IS 

Succinate 

Kidney, etc. 

B. cob 

Kisch (19336) 

Cook et al. (1931) 

Formate 

B. coli 


Hexose-phosphates 

Brewers’ yeast 

Ogston & Green (19356) 

Ethanol 

Acetohacter 

Tamiya & Kubo (1938) 

Negelein & Gerischer (1934) 

Mannitol 

Azotobacter 

Choline 

Liver 

Mann & Quastcl (1937) 

Acetaldehyde 

Chlorella 

Genevois (1927) 

Butyric acid 

ChloreUa 


Senn 

Kidney, etc. 

Kisch (19336) 

Sarcosin 

19 

II 


B. Substrates which increase the cyanide-stable respiration 


Substrate 

Tissue or organism 

Reference 

Lupinus oil 

Lupinus aUms 

Craig (1936) 

Pyruvate 

Kidney, etc. 

Kisch (19336) and v. Heyningen 

Alanine 


Ku 5 l?fi 9336 ) 

Glycine 

Elodea 

Schwabe (1932) 

Glucose 

Lactobacillus 

Bertho & Gluck (1932) 


In the case of the tissues mathed *, Kisch reports that the respiration of glucose and lactose is 
sometimes only partially sensitive to cyanide. 


hydrates and short-chain hydroxy-fatty acids (lactic add, etc.) appears to be limited 
to the cyanide-sensitive system. Both systems seem to respire amino acids. The 
single case of fat respiration is cyanide-stable. The cyanide-stability of pyruvate 
respiration is probably an artefact. Green & Williamson (1936) have shown that 
pyruvate tends to combine with cyanide to form a non-toxic cyanohydrin, thereby 
negating the inhibitory effect of the cyanide. The case of the cyanide-stable respira- 
tion of ^ucose by Lactobacillus provides an interesting exception. It has been shown 
above (p. 181) that bacteria such 2aLactobaciUuSi Streptococcus andPneumococcus, that 
are characterized by a relatively low rate of respiration and the conversion of glucose 
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to lactic acid, are not sensitive to cyanide. These forms tend to ferment rather than 
to oxidize most of the available glucose. It may be that this property is in some way 
related to the predominance of the cyanide-stable respiration. 

Wright & van Alstyne ( 1931 ), Keilin ( 1932 ) and Oppenheimer ( 1938 ) suggest 
that the cyanide-stable respiration may be due to the oxidation of fat. This sug- 
gestion was based on certain in vitro data. Robinson ( 1924 ) showed that the catalysis 
by hemin of the oxidation of linoleic add was unaffected by cyanide; while aimilar 
catalysis of the oxidation of carbohydrates was cyanide-sensitive. Kuhn & Meyer 
( 1929 ) also showed that the hemin catalysis of the oxidation of olive oil and of such 
long-chain fatty compoimds as bixin is not cyanide-sensitive. These results were con- 
firmed by Wright & van Alstyne ( 1931 ). Although the validity of such results as an 
indication of the nature of cellular processes is subject to the limitations mentioned 
above, there is some in vivo evidence to support them. Craig ( 1936 ) describes the 
oxidation of Lupinus oil by the pulverized seeds of Lupinus aJbm. The effect of 
cyanide was variable, but generally not inhibitory (the maximum inhibition ob- 
tained was but 30 %). 

This hypothesis, i.e. the substrate-specificity of the inhibition of respiration by 
cyanide, may be tested by an analysis of certain of the data presented in the earlier 
parts of this paper, together with evid^ice of a new sort. The crudal points which 
must be subjected to test are these: (i) cyanide-sensitive respiration, which is 
mediated through the Warburg-Keilin system, is concerned -wiffi the oxidation of 
carbohydrates and substances which have a similarly high ratio of oxygen to 
carbon (0/C) (such as hydroxy-acids); while ( 2 ) the cyanide-stable respiration is 
mediated through the ydlow enzyme system and is concerned with the oxidation 
of fatty substances: i.e. compounds with a low 0/C ratio and containing long 
— CH 2 — chains. Although the data are, unfortunately, rather limited, Table IV 
provides at least a tentative support of this hypothesis. 

It is apparent that the tissues listed may be divided into two qualitatively distinct 
groups — one including nervous tissues (retina and brain cortex) and the other, 
kidney, heart and liver. Testis and spleen have intermediate characteristics. 

Table IV 


Tissue 

0 

Qi?' 

(a) 

Flavin content 
11 per g. of 
fresh tissue 

D ( 3 ) 
Response to 

glucose. % of 
original rate 
of recitation 

U) 

Normal 

respiratory 

quotient 

Respuatory 
quotient in 
the presence 
of cyanide 

Liver 

a-o-i*s 

ITS 

90 

0-79 

0-50 

Kidney 

a*4-a*o 

i7'8 

IZO 

o-8s 

0*38 

Heart 

2-4 

10-3 

— 

0-85 

— 

Spleen 

0-8 

1*0 

lao 

0-89 

— 

Testis 

I‘0 

— 

220 

0*94 

0-87 

Retina 

0 

0 

550 

i-oo 

— 

Brain 

I •6-0-3 

0 

320 

0-99 

0-97 


The data were obtained as follows: Column (i) from the intercuts of the lines in Figs. 1-6; 
colxunn (a) from C^urfvitch (1937); columns (3) and (4) from Dideens & Greville (1933); and 
column (5) frottn Himwich et al. (i 933 )» 
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Retina and brain cortex exhibit almost no cyanide-stable respiration. Further- 
more, they contain an insignificant amount of flavin, and it would appear therefore 
that the yellow enzyme system is but slightly if at all active. These tissues show a 
clear specificity as to respirable substrates. They respond markedly to the addition 
of glucose (see column 3, Table IV). In addition, Quastel & Wheatley (1932) 
report that, of a wide variety of metabolites that were tested, only the following 
acted as respirable substrates for brain tissue; glucose, fructose, mannose, galactose, 
lactate, pyruvate, succinate and glutamic acid. Thus, brain tissue is characterized 
by the active respiration exclusively of carbohydrates and compounds with a 
similarly high 0 /C ratio. As would be expected therefrom, its respiratory quotient 
(r.q.) is equal to i*o;^ and the r.q. is not appreciably altered by the addition of 
cyanide. The same is true of retina tissue. Thus, these tissues exhibit a close cor- 
relation between predominance of the cyanide-sensitive system and utilization 
(exclusively) of carbohydrates and substances -with a similar 0 /C ratio.^ 

The second group, including kidney, liver and heart tissue, shows some internal 
differences, but these do not appear to be sufficiently distinct to warrant a correlative 
analysis. Taken as a group (as compared to retina and brain cortex), however, they 
show certain marked correlations. These tissues have a distinct qranide-stable 
respiration and all of them contain considerable quantities of flavin. We must 
conclude therefrom, that the cyanide-stable yellow enzyme system is more active 
than it is in the nervous tissues. However, the Warburg-Keilin system is also present 
in these tissues, since they are partially sensitive to cyanide. Column 3 indicates 
that the tissues of the second group are but moderately if at all responsive to glucose. 
On the other hand, column 4 shows that they tend to oxidize substrates with a low 
0 /C ratio, i.e. those yielding a r.q. less than i*o (e.g. fats and proteins). Further- 
more, the addition of cyanide brings the r.q. to an even lower level, thereby indi- 
cating that cyanide inhibits preferentially the oxidation of metabolites yielding a 
high R.Q., i.e, those with a high 0 /C ratio.® 

It may be suggested therefore, that the criterion which determines tlie respiratory 

^ llie respiratory quotient is defined as the ratio of the carbon dioxide produced to the oxygen 
absorbed, i.e. COi/O). Since the basic formula of a carbohydrate is (CH|0)„, only the carbon atoms 
require oxidation. Thus, each molecule of Ot oxidizes one C atom, and pr^uces one molecule of 
COg, thereby resulting in a R.q. of i . In compounds which have a low 0/C ratio the hydrogen content 
is much greater than it is in the carbohydrates. Thus, these excess H atoms (beyond the ratio zH/O) 
must be oxidized by the Og, to produce HgO. Consequently, several molecules of Og are consumed 
for each molecule ctf COg produced, and the R.Q. is 1 ^ than i. 

* It is interesting to note that nervous tissues are also characterized by an extreme sensitivity to 
lack of oxygen. There seems to be a close dependency between this type of sensitivity and sensitivity 
to cyanide. Thus, the first effects of both a of oxygen and of cyanide poisoning (on higher animals) 
is inactivation of the brain. 

* A value of less tiian i-o for the R.Q. may also indicate the incomplete oxidation of a carbohydrate 
substrate, with the production of some substwice which is still oxidirable, rather than COg and HgO. 
However, this does not seem to be the case in the data dted in Table IV. Since the r.q. of liver, etc., 
is fiirther reduced by cyanide, the above interpretation would mean UtoA partial oxidation of carbo- 
hydrates is cyanide-stable, while con^lete oxidation of the same substrate is cyanide-sensitive. Hence, 
were this so, we would expect that the addition of a carbohydrate such as glucose would increase 
hoih Ihe Qnt and the QSS of these tissues. This does not occur; and it seems likely therefore that the 
B.Q., in this case, actually indicates the complete oxidation of metabolites with a preponderance of 
— OHr— groups. 
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path of a given substrate is its relative oxygen (usually in the form of hydroxyl) 
content. Substrates of the fatty type, containing extensive — CHj — chains and little 
oxygen (and therefore yielding a low R.Q.), seem to be specific for the yellow enzyme 
system. Substrates of the carbohydrate type tend to be respired specifically by the 
Warburg-Keilin system. 

Finally, the hypothesis suggested above offers a possible explanation of the 
extreme lability of the cyanide-sensitive respiration as compared with the cyanide- 
stable respiration. The substrates of the cyanide-sensitive system are characterized 
by a marked solubility in water. Therefore it is not surprising to find that their 
concentration in normal tissues is very variable — ^thereby accounting for the 
variability of the normal and the fact that these variations are cyanide-sensitive 
(see Figs. 1-6). On the other hand, the substrates of the cyanide-stable respiration, 
since they contain extensive — CHj — chains, are relatively insoluble. Consequently 
their tissue concentrations are relatively constant, thereby resulting in a rather 
constant value of Furthermore, the remarkable similarity of the values 
of various tissues and organisms (see Table I) suggests that ^e concentration of 
these substrates is related to some internal property common to all these different 
cells. Hence, it may not be amiss to surest that the protein chains of the proto- 
plasm itself may act as a constant and ever-present supply of substrate for the 
cyanide-stable respiration. 

However, it is obvious that the avaikble data do not permit of any definitive 
statement as to substrate specificities and these conclusions are offered in purely 
tentative terms. 


VI. SUMMARY 

The effect of cyanide on the respiration of living cells makes possible the 
differentiation between and the description of two types of respiratory systems. 

(1) The cyanide-sensitive respiration may be identified with the Warburg- 
Keilin respiratory system. The normal variation in go, between different organs, 
organisms, developmental stages (in certain enumerated cases) and random varia- 
tions among samples of the same tissue, seem largely to be accoimtable by differences 
in the activity of this system. The rate of oxygen consumption by this system varies 
over a wide range of values, and accounts for about 90% of liktmaxbmm possible 
respiratory rate of most actively aerobic tissues and organisms. It seems likely (on 
the basis of the available data) that the cyanide-sensitive system tends most actively 
to oxidize carbohydrates and other metabolites that have a similarly high water- 
solubility and 0 /C ratio. Thus, cyanide-sensitive respiration is characterized by a 
respiratory quotient of about i*o. The Warburg-Keilin system also appears to be 
the more sensitive (of the two) to variations in temperature and po,* 

(2) The cyanide-stable respiration may be identified with the yellow enzyme 
or fiavoprotein. Its activity is relatively small and constant from organ to organ and 
from organism to organism (within certain groups), as compared with the activity of 
the (^anide-s^itive system. It seems likely that the metabolic substrates of this 
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respiratory system [in vivo) are restricted, in the main, to fatty compounds and other 
substances that have a similarly low 0/C ratio. Thus, the cyanide-stable respiration 
is characterized by a respiratory quotient of o*8 or less. 

Hence, since most variations in the total rate of respiration are mainly due to 
variations in the activity of the cyanide-sensitive system done, percentage inhibition 
by cyanide (i.e. “ cyanide-sensitivity”) increases with the normd rate of respiration. 
Therefore, this vdue is no index of the relative activity of the two systems unless 
the substrate environment and other influentid conditions are specified. 

Certain intrinsic properties of the Warburg-Keilin system are elucidated by 
partial inhibition of this system. It is shown thereby that the inhibitory eflFect of 
cyanide is related to the extent of saturation of the dehydrogenase with its substrate. 
When the dehydrogenase is only partially saturated or “covered”, the respiratory 
rate is reduced only by high cyanide concentrations. Thus, under such circumstances, 
part of the oxidase may be inactivated by a low concentration of cyanide without 
affecting the rate of respiration. However, such a cyanide concentration prevents 
the rise in respiratory rate that normdly follows the restoration of the dehydrogenase 
to complete saturation by the addition of substrate to the medium. Thus, in this case 
we again note that the percentage inhibition by cyanide increases with the original 
(i.e. cyanide-free) rate of respiration. 

It appears therefore that the respiratory systems that can be dis tinguished by 
means of cyanide-sensitivity are to a large degree independent of each other. It has 
frequently been suggested that the two systems present alternative paths for the 
oxidation of any given metabolite. The amount of oxidative activity of each system 
would then depend on their relative concentrations in the cell and on their r^tive 
oxidative tendencies, i.e. redox potentials. If this were so, we would expect that the 
ratio of their activities would be constant regardless of the nature or concentration 
of the metabolite present in the medium. Furthermore, if the activity of one of these 
systems be curtailed (e.g. by cyanide), it follows that the insensitive system would 
become more active since it would then be exposed to a greater portion of the 
“reduction potential” which is produced by the metabolite and its dehydrogenase. 

It does not seem likely, therrfore, that this is a valid interpretation of the inter- 
relationships of these processes as they obtain in the living cell, The ratio of the 
rates of activity of the two systems (i.e. the percentage inhibition by cy ani de) is not 
constant, but varies direcdy with the total rate of respiration. Thus, in a living cell 
the cyamde-stable system seems to operate at a low and constant rate, to a large 
degree independent of the highly variable rate of activity of the cyanide-sensitive 
system. Furthermore, the S3r8tems appear to have qualitative specificities as to 
substrates, rather than sharing the oxidation of each metabolite. These facts seem 
to indicate that there is no direct thermodynamic equilibrium between the oxidative 
activity of the two systems. 

The internal relationships of the various parts of the cyanide-sensitive system 
appear to be equally discontinuous. Under certain conditions the saturation of the 
oxidase or the dehydrogenase may be altered without affecting the total rate of 
respiration. 
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Finally, these specific relationships of the respiratory systems are intimately 
associated with the normal integrity of the cell. Destruction of the cellular proto- 
plasm disorients the qualitative specificities that obtain in the living cell. It would 
appear that the ordering of the interrelated processes of cellular respiration is in 
some manner facilitated by the normal intracellular structure. 
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ADDENDUM 

Since the above review was submitted there have appeared several new data that 
are of importance. J. N. Stannard has published a paper entitled Separation of the 
resting and activity oxygen consumptions of frog muscle by means of sodium azide ’’ 
{Amer. J. Physiol 1939, 126, 196). Here it is shown that the increase in respiration 
that accompanies the activation of a muscle is completely inhibited by cyanide. 
Also Marsh and Goddard Respiration and fermentation in the carrot, Daucus 
carota. I. Respiration.” Amer. J. Bot. 1939, 26 , 724) have found that the canot 
tissues with the higher normal rate of respiration show a higher percentage sensiti- 
vity to cyanide. Finally Korr (private communication) finds that the increase in 
respiration that occurs when salivary gland is activated with acetylcholine and 
pancreas by secretin, is completely inhibited by cyanide. 
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I. INTRODUCTION 

For some time now there has been a general agreement regarding the broad lines 
of evolution which led to the emergence of man from a primate ancestry. Already 
in Palaeocene and Eocene times small primitive primates were in existence through- 
out many parts of the world. These can be subdivided into two main groups — 
primitive lemuroids represented by the Plesiadapidae and Adapidae, and primitive 
tarsioids, represented by the Anaptomorphidae and Microchoeridae. The precursors 
of the modem Lemuroidea became specialized very rapidly, and even in lie Eocene 
showed divergent modihcations of a characteristic kind. It is now usually admitted, 
indeed, that the Lemuroidea, as they are commonly defined, could hardly have had 
a place in the ancestry of the higher primate in which such specializations were 
avoided. On the other hand, the Eocene Tarsioidea showed progressive tendencies 
which seem to adumbrate the later development of primates of a deiSnitely pithecoid 
status.^ This is shown particularly in the expansion of the brain, the constmction 
of the tympanic region of the skull, and the premolar and molar pattern of the 
teeth. The available evidence suggests that the higher primates may have had their 
origin in the Microchoeridae — an extinct family of Old World tarsioids — and such 
a transformation is actually suggested in the case of the Eocene genus Caenopithecus. 

The earliest representative of the Anthropoidea which has been found up to the 
present is Parapi^cus, from the Oligocene of Egypt. This little animal is known 

^ For an account of die anatomical evidence bearing on the position of the Lemuroidea and 
Taiaioidea in primate phylogeny, see Le Groa Claric (1934). 
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only from the mandible and lower dentition, and, scanty though the evidence is, it 
suggests a direct transition from a tarsioid form to an extremely primitive type of 
anthropoid ape (Werth, 1918). This interpretation is of particular significance in 
relation to the view held by some authorities that the catarrhine monkeys (Cerco- 
pithecoidea) form a somewhat aberrant group of primates which played no part in 
the evolutionary development of the anthropoid apes and man. A more advanced 
form of anthropoid ape is represented by the lower jaw of PropUopithecuSt also from 
Oligocene deposits in Egypt, and this fossil lea^ naturally on to Pliopithecus 
(middle Miocene) and Prohylohates (lower Miocene), both of which are remarkably 
similar to the modem gibbon, Hylobates (see O. Abel, 1934). With the discovery 
of a somewhat specialized gibbon, Limnopithecus^ and a primitive chimpanzee, 
Proconsulj from Miocene deposits in Kenya, it becomes evident that at the beg innin g 
of the Miocene the main groups of the anthropoid apes which exist to-day were 
already undergoing separately dieir evolutionary definition. The importance of this 
fact is related to the general belief (based on comparative anatomical data) that man 
and the modem anthropoid apes had their origin in a common ancestry, and that 
the human line of descent became first differentiated at the time when the modem 
genera of anthropoid apes commenced their own divergent specializations. Hence 
it is in the palaeontological records of this geological period that the initial appear- 
ance of the Hominidae is probably to be sought. 

II. FOSSIL MAN-LIKE APES 

Just over one hundred years ago (in 1837) the lower jaw and teeth of a fossil 
anthropoid ape were found in Miocene deposits in France, and were described by 
Lartet. Some years later (1856) this distinguished anatomist referred the remains 
to a new genus, DryopithecuSj which, he emphasized, approximated in some respects 
more closely to man than any of the existing anthropoid apes. Since this discovery, 
numerous other fragments of the same genus and of allied genera have been 
recovered from Miocene and Pliocene strata in many parts of the Old World, 
ranging over western Europe, Egypt, South Africa, India and China.^ Except for 
two fragmentary limb-bones, these remains consist entirely of teeth and portions of 
the upper and lower jaws. Consequently it has proved somewhat difficult to classify 
them satisfactorily, for it is frequently impossible to determine whether the mor- 
phological differences in size and cusp-pattern of the teeth of different specimens 
are of a specific nature, or whether they are simply an expression of individual or 
sexual variation. That such a confusion has occurred in some instances is certain, 
and indeed must be regarded as inevitable, bearing in mind the fragmentary nature 
of the fossil material and considering also the remarkable variability in the con- 
formation of the teeth shown by the modem anthropoid apes (Remane, 1922). 
Nevertheless, between twenty and thirty different species of these extinct apes have 
been recognized. Some of them are of quite a generalized character morphologically. 

^ The most extensive discoveries of dryopithedne apes have been made in geological deposits 
in the Siwslik Hills of North India. See Pilgrim (1915, ipa?). For a general well-illustrated 
account of fossil apes, see O. Abel (1931). 
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Others display structural approximatioM to the existing genera of apes. For 
example, the lower Phocene species Dryopithecus rhenanus {seu germardcus) shows 
many similarities to the chimpanzee; Dryopithecus chinjtensis (from the middle 
Miocene levels of the Siwaliks) and Palaeopithecus (from the lower Phocene of the 
Siwaliks) resemble the gorilla m some of their dental characters; and Palaeoshma 
(from the Siwalik deposits and probably of middle Miocene date) appears to be 
closely related to the modem orang. 

There is good reason, therefore, to suppose that the Dryopithecus group and 
allied genera of Miocene and Phocene apes were at that time undergoing an active 
differentiation, leading to the production of a number of separate evolutionary 
radiations which presumably culmmated in the appearance of the modem genera 
of anthropoid apes. Further, as we have already noted, there is some evidence that 
this differentiation had aheady proceeded far even during the Miocene, and that 
the differentiation of modem genera commenced at least at the beginning of this 
period. Hopwood (1933), for example, has described a fossil anthropoid from lower 
Miocene deposits m Kenya, under the name of Proconsul africanust which in its 
dental anatomy is remarkably similar to the chimpanzee. It is certainly more 
primitive; indeed, the molar pattern is stated m a recent paper to preserve features 
reminiscent of a tarsioid ancestiy (Gregory et al. 1938). Nevertheless, it may be 
accepted as a primitive representative of the chimpanzee line of evolutionary 
development, mdicating therefore that this line had already in the early Miocene 
undergone a differentiation from generalized dryopithecine ancestors. If this 
inference is correct, it has an important bearing on the antiquity of the human 
phylum, for, according to a general consensus of opinion among comparative 
anatomists (as already noted), the Hominidae began to be differentiated from the 
common ancestral group at the time when the modern genera of large anthropoid 
apes were becoming divergently specialized. 

Some species of Miocene apes do, in fact, already show rather remarkable 
resemblances to man in their dentition. Pilgrim (1927) has emphasized this similarity 
in the case of Sivapithecus, mainly because of the generalized characters shovm in 
the breadth index of the molar and premolar teeth, and the shortness of the sym- 
physial region of the jaw. On the other hand, the canines show some degree of 
specialization, and according to Gregory & Heilman (1926) this extinct genus of 
anthropoid apes (to which they also allocate the remains previously designated 
Dryopitl^cus cautleyi) approximates somewhat more closely to the orang than to the 
other recent apes or to man. 

So far as European fossU apes are concerned, Dryopithecus rhenanus has been 
generally considered to be nearly related to the type from which the Hominidae 
were directly derived, since some of the molar teeth referable to this species 
approximate quite closely to those of modem man. There is, however, another 
species, Dryopithecus damird (—Griplwpithecus suessi of a previous nomenclature), 
in which the molar teeth resemble those of man so closely in their general pro- 
portions and in the proportionate development of their cusps that they are not 
easily distinguished from human teeth. Admitting these morphological similarities, 



Human evolution 


205 

however, the question arises as to whether the Miocene and Pliocene apes of the 
Dryopithecus group all showed any specialized features which would theoretically 
debar them from consideration in human ancestry. This is certainly not the case 
with the molar teeth, nor does the conformation of the mandible offer any difficulty. 
Smith-Woodward (1914) has demonstrated how readily a gradational series can be 
ai ranged to illustrate the stiuctural transition of the symphysial region of the jaw 




Fig. I. Composite restoration of the mandible and lower dentition of Dryopithecus, made from the 
parts of three different specimens. This restoration demonstrates tihe essentially simian duracter of 
the Diyopithecus dentition, x 9/jo (From Gregory & Heilman, 1926 ) 

from Dryopithecus through Homo heidelbergensis to modem man. On the other 
hand, some morphologists have regarded dryopithecine canines as too highly 
specialized (already indicating a divergent modification leading to recent apes). It 
may be noted, however, that the development of the canine in these fossil apes 
actually showed considerable variation, certainly reaching rather a massive develop- 
ment in some species (e.g. Dryopithecus fontam)^ but remaining relatively weak in 
others (e.g. D, pUgrimi), Further, there a some purely morphological evidence that 
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the modem human canine has undergone some reduction during its laterevolutionary 
history, so that in ancestral forms it may be e 3 cpected to show a stronger development. 

In recent reports on fossil apes discovered in the Siwalik Hills by the Yale- 
Cambridge India Expedition of 1935 (Lewis, 1934; Gregory et al. 1938) reference 
is made to two new genera, Bramapithecus and Ramapithecus^ in which the structural 
approach to man is said to be still more emphatic. This is particularly the case with 
RamapithecuSf a genus known from fragments of upper and lower jaws found in 
Pliocene deposits. To be precise, their geological horizon is stated to be either the 
latest middle Siwalik or basal upper Siwalik. The molar teeth closely resemble 
those of modem man in their breadth, in their low and rounded cusps, and in the 
absence of a well-marked cingulum. The premolars are bicuspid in a typically 
human fashion, the canines and incisors (as judged by their alveolar sockets) are 
quite small, and there is no diastema. Most significant of all is the indication that 
the dental arch was evenly curved in parabolic form, and not U-shaped as in the 
modem apes. Indeed, doubt has even been raised as to the propriety of including 
Ramapithecus in the Simiidae rather than in the Hominidae, and the opinion is 
expressed by Gregory et al. that it was “almost at the human threshold’*, at least 
in respect of its known anatomical characteristics. However, a comparison with the 
Pleistocene apes of South Africa (vide infra), of which portions of the skull are 
available, indicates that such “progressive** characters of the teeth and palate may 
quite well be associated with cranial characters which leave no doubt regarding their 
simian status.^ 

It is evident from this short account that the Miocene apes of Europe and Asia 
may well have included the direct ancestors of man. They showed a great degree of 
variation in their dental anatomy, and they were very widespread geographically. 
It seems probable that they spread out from a centre of evolutionary radiation in 
Asia (represented perhaps by the fossiliferous deposits of the Siwalik Hills), the 
ancestors of the chimpanzee-gorilla group migra ting westwards to the African 
continent, and the ancestors of the orang migrating eastwards. The wide distribution 
of the orang in early times is evidenced by a fossil molar tooth (apparently that of 
the modem type of orang) which has been found as far north as China (Pei, 1935); 
yet to-day this ape is limited to the Malayan area. 

We have noted that the remains of the Miocene apes of the dryopithecine groups 
which have hitherto been found are practically limited to jaws and teeth. The only 
exceptions are a femur and the shaft of a humerus, but the specific identification of 
these limb bones is not quite certain. The humerus was found in middle Miocene 
deposits in Haute Garonne in association with the lower jaw of Dryopiihecus fontanii 
and was described by Lartet in 1856. In size it corresponds to the humerus of a 
dumpanzee. The femur was discovered in lower Pliocene deposits at Eppelsheim 
over a hundred years ago. It was referred by Schlosser to DryopithecuSj but because 
of its general resemblance to a gibbon femur this was questioned by Pohlig in 1895, 
who created a new genus Paidopithex to accommodate the specimen. Two years 
later Dubois (1897) came to a similar conclusion, and invented the generic term 
PUohyldbates to emphasize his opinion. However, a detailed study of the femur by 
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Pearson & Bell (1917) has shown that it must have belonged to an ape which in 
point of size was somewhere between the modem orang and chimpanzee. No 
gibbon of such a stature has ever been discovered, and it is difficult on these grounds 
to avoid the conclusion that the femur is really that of an ape of the dryopithecine 
group. It seems reasonable, therefore, to accept Schlosser’s opinion that the 
Eppelsheim femur does belong to Dryopithecus^ especially as this authority showed 
that in its general contour it luurmonizes quite well with the humerus of D. fontani 
described by Lartet. If this interpretation is correct, it may be inferred from the 
characters of the femur that Dryopithecus was much more adept in erect bipedalism 
than any of the large anthropoid apes of to-day. Moreover, a comparison of the 
femur and the humems suggests (though not conclusively) that the limb proportions 
of Dryopithecus were by no means so highly specialized for arboreal life as they are 
in modem apes. In other words, they provide evidence that Diyopithecus was a 
“ground-ape”, and there are good reasons for supposing that the human line of 
evolution took its origin from apes which were adapted to a terrestrial life. 

The palaeontological evidence which we have briefly reviewed gives strong 
support to the thesis that the ancestors of the Hominidae are to be sought in some 
branch of the early Miocene Dryopithecinae. In order to confirm this inference it 
is essential that we should obtain evidence regarding the cranial characters and the 
details of the limb structure of these fossil apes. Indeed, it is probably true to say 
that no greater service could be done to the study of h uman palaeontology than a 
comprehensive and intensive geological investigation of deposits in which dryo- 
pithecine jaws and teeth have been found, with a view to discovering remains of 
other parts of the skeleton. 

Extinct man-Uke apes of South Africa. In 1924 the famous Taungs skull was 
found in a limestone crevice in Bechuanaland. The remains (which consist of the 
facial skeleton with jaws and teeth, a portion of the cranium, and a natural endo- 
cranial cast) are those of an immature individual in which the first permanent molar 
was in the process of eruption. They were described by Dart (1925, 1929) under the 
name of Australopithecus africamiSj and have since been studied in considerable 
detail by W. Abel (1931). It is now generally accepted by comparative anatomists 
that Australopithecus comes within the zoological category of the anthropoid apes. 
It has been claimed, however, that in certain features it approaches the Hominidae ' 
more closely than any other ape so far known, and for this reason it occupies a 
position of very considerable importance in the study of human evolution. The 
human characters of the fossil which have been emphasized are stated to be found 
in the endocranial cast, the dentition, and the palate. 

The natural endocranial cast is not quite complete. Nevertheless, it is possible 
to get some idea of its total volume. According to Dart this amounts to 520 c.c., but 
it has also been assessed by Keith at 450 c.c., and by Zuckerman at 500 c.c. 
Zuckerman’s studies (1928) of the growth of the brain in anthropoid apes led him 
to the conclusion that in the chimpanzee the average expansion of the endocranial 
capacity which occurs after the eruption of the first permanent molar is about 8 % . 
If, therefore, the endocranial capacity of the Taungs skull is accepted as 500 c.c.. 
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the capacity of the adult individtial would probably have been about 540 c.c. This 
capacity falls well within the range of variation of adult male gorillas (450-655 c.c.). 
So far, then, as the size of the brain is concerned, Australopithecus shows no approxi- 
mation to a human status. Certain surface features of the endocranial cast have 
been otherwise interpreted. Particularly is this the case with the lunate sulcus on 
the occipital lobe. It has been affirmed that the position of this sulcus can be 
recognized by a furrow on the cast, and that its caudal displacement (as compared 
with the brains of modem apes) is indicative of a pronounced expansion of the 
parietal association areas of the cerebral cortex. However, a recent study of the 
chimpanzee (Le Gros Clark et al. 1936) has demonstrated how impossible it is to 
identify with certainty the lunate sulcus on an endocranial cast. Indeed, it seems 
probable that the groove which has been taken to represent this sulcus in the Taungs 
specimen is really formed in relation to the lambdoid suture of the skuU. 

It must be admitted, in spite of several statements to the contrary, that the 
endocranial cast of Australopithecus does not provide any valid evidence to show 
that the convolutional pattern of the brain was more human than that of a gorilla. 
It remains possible, however, that a detailed comparative study of the general 
contour and proportions of the cast and of its various lobes may yield some more 
positive information bearing on this problem. 

The teeth of Australopithecus have been studied in considerable detail by a 
number of anatomists (apart from Dart who originally described them), but 
particular attention has been given to their human characters by Broom (1929) and 
Gr^iy & Heilman (1939 a). It has already been mentioned that the skull of 
Australopithecus is that of an immature animal in which the milk dentition is still 
in place and the first permanent molar is in the process of eruption. The human 
characters of the denfidon which have been emphasized by Broom are: (i) the 
incisors are implanted vertically and do not show the slight procumbency charac- 
teristic of the young gorilla and chimpanitee; (2) the canine is small and of human 
shape; (3) the first milk molar shows a cusp pattern which closely resembles that of 
man, and it has an anteroposterior diameter greater than that of the rnilk canine; 
(4) the second milk molar, while very similar to that of the gorilla, has less developed 
and more rounded cusps. Broom’s general conclusions (1938 a) are that Australo- 
pithecus may be regarded as “a chimpanzee with human teeth”. 

Gr^ory & Heilman have concentrated their attention on the characters of the 
first permanent molar, and they regard the arrangement of cusps and grooves on 
the crown as intermediate between the Dryopithecus pattern and the molar pattern 
of primitive man. 

The shape of the palate of the Australopithecus specimen is somewhat shorter 
and broader than that of immature anthropoid apes, and in this respect, as well as 
in the contour of the dental arch, it is certainly more human in type. 

There can be no reasonable doubt as to the human cltaracters of the milk 
dentitimi and the palate of AustralopUhecus. What still remains uncertain is the 
significance of these characters. It has already been mentioned that the dentition 
of modem ap^ shows an unusual range of variation, and it will be necessary to 
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institute a comparison with a large number of specimens before it can be shown 
just how far the dentition of Australopithecus exceeds the normal range of variation 
in the gorilla and chimpanzee and approaches that of man. The milk incisors and 
canines of the gorilla, for example, may on occasion be quite small. On the other 
hand, it is doubtful whether the milk molars of either the gorilla or the chimpanzee 
ever approach the human form so closely as do those of Australopithecus. One 
feature which has not received the attention it deserves (but which has been em- 
phasized by Keith (1931)) is the massive diaracter of the first permanent molar. It 
can only be inferred from this that the whole molar series of the permanent dentition 
must have been similar in general dimensions to that of a gorilla, and it is hardly to 
be doubted that such a dentition must have been associated with massive jawB and 
a large palate. One of the main difficulties in the interpretation of Dart’s specimen 
of Australopithecus lies in the attempt to assess the character of the adult from those 
of an immature individual. This applies particularly to the brain, the jaws and the 
teeth. However, since the original discovery of Australopithecus in 1924, further 
remains of adult specimens of similar apes have come to light. We may now refer 
briefly to this important fossil noaterial. 

In a series of communications to Nature (1936-8), and more recently in the 
Armais of the Transvaal Museum (1939 a), Broom has given brief descriptions of 
these remains, and has created two new genera to accommodate them — Plesian- 
tkropus and Parantkropus, the former having been first regarded as a new species 
of Australopithecus. It is not quite dear why he makes a generic distinction from 
Australopithecus in either case, for the similarities with the latter seem to be quite 
dose. The remains of Pksianthropus were found in a limestone quarry at Sterk- 
fontein. They are represented by a portion of an adult skull, the maxilla and upper 
teeth, and a natural endocranial cast. In regard to the teeth, the canine is said to 
be hardly larger than that of man, and to be worn down by attrition to the same 
levd as the first premolar and the lateral incisor. The premolars are typically 
bicuspid as in man, the first permanent molar is moderatdy large and shows a 
typicd dryopithedne cusp-pattern, and the second molar is "exceptionally large”. 
The palate is rdativdy broad and the dental arch rounded. The endocranial cast is 
estimated to indicate a cranial capacity of about 440 c.c. 

The skull of Paranthropus (consisting of a considerable part of the left side of 
the basal portion of the cranium and the right side of the mandible) was found at 
Kromdraai two miles from Sterkfontein in an outcrop of bone breccia near the top 
of a hill. The facial skeleton is reported to be shorter and flatter than that of a 
gorilla, though in its general size it approximates to this anthropoid ape. The canine 
and indsors are relatively small, the premolars have rounded crowns without the 
prominent and sharply-defined cusps found in modem apes, and the palais is 
relatively short and broad. From the fragments of the endocranial cast Broom 
estimates the cranial capadty to be as high as 600 c.c. However, he does not indicate 
how he arrived at such a figure : indeed, it seems from the available evidence that it 
is hardly possible in this case to make an estimate which is even approximately 
accurate. 
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In their account of the fossil fragments of Plesianthropus and Paremtkropus, 
Gregory & Heilman (1939 fl, confirm Broom’s general conclusions regarding the 
human characters of the palate and dentition, and also call attention to the way 
in which the occlusal surfaces of the molars have been worn flat, indicating a 
masticatory movement similar to that of man.^ 

In summarizing the characters of these ejctinct apes of South Africa it must be 
emphasized that detailed descriptions of all the material are not yet available, and 
that, apart from a brief inspection of the original fragments of Australopitliecus 
some years ago, the present author has had to rely for his own observations on casts, 
photographs and drawings. Moreover, some of the descriptions which are available 
(particul^ly in the case of Plesianthropus and Paranthropus) are rather meagre, and 



Fig. a. Provisional restorations of the skulls of (A) Plestantkropu^, and (B) Parantkropm. X i/a circa. 
(From Gregory & Heilman, 1939 a.) 


it seems probable that certain of the conclusions which have already been drawn 
concerning the human characters of these fossils have been based on preliminary 
observations without an adequate comparative study, and without taking into account 
the variability shown in the teeth and skulls of modem anthropoid apes. We may 
accept as an established fact that the teeth and palate are in several respects certainly 
more human than any of the living anthropoid apes. On the other hand, there is no 
room for doubt that these fossil genera are really apes and not primitive types of 
humanity. This is definitely shown to be the case by the size and contour of the skull 
and endocranial cast, by the massive nature of the jaws, and by the nasal and orbital 

^ In a recent communication to Nature (19 Nov. 1938, p. 897) Broom has figured and very 
briefly described the lower end of a humerus which he ascribw to Paranthropus, and the lower end 
ofafemiuaacnbedtoPJesiantkri^. Both these fi^agments are stated to be ^'nearh' human”. How- 
ever, in the absence of adequate geological evidence, there must be considerable doubt whether such 
associations are correct, particulariy as the fragments were picked out of a mass of skeletal remaina of 
diverae character. In any case, it is necessary to await a careful and critical comparative study of 
these limb bones before their true significance can be assessed. 
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regions of the skull. Certain features of the endocranial cast, and other characters 
such as the plane of the foramen magnum and the conformation of the tympanic 
region, have been held to show a “progressive** trend, approximating in some degree 
to human level, but it is probable that in none of these features will such a con- 
clusion withstand a critical analysis based on an adequate comparative study. 

What, then, is the real significance of the human characters of the palate and 
dentition in these specimens? There can be no justification for supposing that the 
South African fossil apes bear a direct ancestral relationship to Honw^ for the 
geological and faunal evidence shows that they almost certainly lived in Pleistocene 
times^ when early representatives of the Hominidae were already in existence in 
other parts of the world. There are two other alternative interpretations. The fossil 
apes may represent a survival into Pleistocene times of an anthropoid stock which 
at an earlier date gave rise to man, or they may represent a separate line of evolution 
which was characterized by an independent and parallel development of certain 
features of the dentition and palate similar to those of man, but having no close 
relation to the latter. It must be frankly admitted that, with the evidence at present 
available, it is not possible to decide on this issue. W. Abel (1931) has drawn 
attention to certain features of the teeth of Austrahpiihecus which he believes to be 
too highly specialized to provide a basis for the evolutionary development of the 
human type of dentition, and such evidence must clearly be taken into con- 
sideration. From other points of view, however, these fossils have an important 
bearing on the evolutionary origin of the human phylum. There can be no 
reasonable doubt that they were derived from a dryopithedne ancestry of 
Miocene date, and they thus demonstrate that the dryopithedne stock was 
endowed with a potentiality for evolutionary development in the direction of the 
Hominidae at least in so far as the teeth and palate are concerned. It has also been 
emphasized (by Dart (1929) and by Gregory & Heilman (19390:)) that the fossil 
apes of South Africa show many resemblances to the orang as well as to the gorilla 
and chimpanzee. This combination of generic characters suggests that they were 
ultimately derived from extremely generalized dryopithedne ancestors at an evolu- 
tionary phase in which the three modem genera of apes had not become differentiated 
from a common ancestral stock. If the South Afncan fossil apes, therefore, are 
regarded as descendants of the ancestral stock from which man arose, it must be 
accepted also that the evolutionary differentiation of man is to be referred bads: to a 
correspondingly early phase in the evolution of the higher primates. 

III. FOSSIL APE-LIKE MEN 

In 1891 the remains of an extremely primitive type of man, PitheeantkropuSf 
were discovered by Dubois at Trinil in Java. As is now well known, the remains 
consisted of a skuU-cap, a femur and three teeth. The skull-cap showed some 

^ The precise date of these foBsilsremaiiu uncertain. In hia latest estimate (which, however, ia of 
a provisional nature) Broom supposes that PJmantivopus and ParanAnput date from the miHdIg 
Pleistocene, and Australopithecus from the lower Pleistocene or upper Pliocene. However, there 
seems to be no satia&ctoty evidence for a date so early as the latter. 
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features which were so remarkably simian in appearance that anatomists were at 
first in considerable disagreement regarding its significance. Some accepted it as 
human, others believed it to be part of a gigantic gibbon, while still others looked 
upon it as a real “missing link”. For thirty-eight years no other fossil remains 
similar to Pithecanthropus were knowm. Consequently, the fragments of the type 
specimen have been subjected to exhaustive study by anthropologists all over the 
world. In spite of one or two dissentient opinions, there is now almost unanimous 
agreement Aat Pithecanthropus comes within the category of the Hominidae. Such 
a conclusion is established with certainty by the features of the endocranial cast 
(as first emphasized by EUiot-Smith). The cranial capacity is estimated to be between 
900 and 1000 c.c. Although this is low compared with the average capacity in 
modem man (about 1350 c.c.), it comes within the extreme limits of its variation, 
w’hile the highest cranial capacity hitherto recorded for an ape is 655 c.c. (in a male 
gorilla). Apart from its size, however, the endocranial cast of Pithecanthropus shows 
a number of primitive features which serve to distinguish it from that of Homo 
sapiens^ such as the general flattened shape and angular contour of the cerebral 
hemispheres, the narrow frontal lobes, and the attenuated temporal lobes. So far 
as the fissural pattern of the brain can be inferred from the cast there is evidence 
that this also was in some respects more simian than in many modem human brains.^ 

The calvarium of Pithecanthropus is characterized by a forehead region which is 
narrow, flattened and retreating, a pronounced supraorbital torus, a projecting 
ocdput, and an extensive area for the attachment of the nuchal musculature. 

The femur, in contrast to the skuU-cap, is in all respects similar to that of modem 
man. This statement is deliberately made in spite of the fact that Dubois himself (who 
is a supporter of the giant gibbon hypothesis) has sought on more than one occasion 
to prove that it possesses ape-like characters. Such an interpretation, however, has 
not been confirmed by other anatomists. In a recent comparative study of the long 
axes of the femur in man and the anthropoid apes, Walmsley (1933) concludes that 
in regard to the position of the load line, that is to say, in “the position of the bone 
as a functioning structure, as has often been pointed out of its other characters, the 
Trinil femur is fully modem”. He further notes that, although in the relative 
length of the condyles and the convexity of the popliteal surface (on which Dubois 
lays such stress) it “diverges towards the gibbon”, it does not do so “more than 
some modem femora do”. The modem characters of the femur have inevitably 
raised the question whether it can legitimately be associated with such a primitive 
type of skull, and this doubt is reinforced by the fact that the thigh bone was 
discovered a considerable distance from the cranial fragment However, they were 
both retrieved from the same geological stratum (the Trinil horizon, as it is now 
called), and, as we shall see, a similar combination of skeletal characters has since 
been found in other fossil remains in China . 

The teeth discovered by Dubois and related by him to the skull-cap anH femur 
are consid^bly worn and difficult of interpretation. Probably they should now be 

^ The endoctanial cast of PitheeanAropus has m recent years been carefully studied by Kappera 
(1939). See also Kappera & Bmiman (1939). 
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left out of consideration, for it is regarded as likely by some authorities that they 
are really the teeth of an orang. It may be noted that Dubois (1924) found among the 
fossil material which he collected a tiny fragment of a mandible, which he also 
attributes to Pithecanthropus. However, this piece of bone came from deposits at 
Kedung Brubus, about 24 miles from the locus of the Trinil calvarium, so that 




Fig. 3. Lateral and dorsal vie'n’s of the skull of PiAecanihropm described by v. Koougswald. x x/a. 
(Tracings of photographs by v. Koenigswald, 1938.) 

its identification is (to say the least) by no means certain. In any case, it is too small 
to give any very useful information regarding the character of the mandible as a 
whole. 

As we have already noted, for many years after Dubois* initial discoveries no 
further remains of JHihecanAropus were found, although several geological ex- 
peditions were organized and dispatched to Java to search for thena. This long 
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period of fruitless excavation has been broken quite recently. In August 1937 an 
adult was discovered in the deepest layers of the Trinil horizon at Bapang in 
Java, and this matfirial was described in detail by v. Koenigswald (1938). It shows 
remarkable similarities to Dubois’ Pithecanthropus^ as, for instance, in the contours 
of the vault of the skull, the general plalycephaly, the extreme flattening of the 
frontal region, the postorbital constriction, and the heavy supraorbital ridges; 
indeed, it cannot be doubted that it belongs to the same genus (and probably the 
same species) of p rimi tive man.^ This new specimen is of particular importance 
because a part of Ae base of the skuU has been preserved. It shows that the glenoid 
articular cavity, and therefore the temporo-mandibular joint, was precisely similar 
to that of modem man. It may be inferred from this that the dentition was essentially 
human in its general characters. On the other hand, the mastoid process appears to 
have been undeveloped, a character in which some approach is made to the anthro- 
poid apes. 

The cranial capacity of the new Pithecanthropus skull is estimated by v. Koenigs- 
wald to be no more than 750 c.c., a surprisingly low volume even when compared 
with the estimated 900-1000 c.c. of the original specimen. It is suggested that the 
contrast may be related to a sexual differ^ce. The endocranial cast has been studied 
by Bouman (1938), and compared with that of Dubois’ specimen by Kappers & 
Bouman (1939). In these stupes it is clear that the general form of the endocranial 
cast and the appearance of the convolutional pattern (so far as it can be inferred) 
are astonishingly alike in both cases. 

Another fossil fragment of considerable importance which can be with confidence 
assigned to Pithecanthropus is the lower jaw found at the end of 1936 in the neigh- 
bourhood of Sangiran (Solo) in Java (v. Koenigswald, 1937). It comprises the 
horizontal ramus of the mandible with the second premolar and the three molar 
teeth. It shows that the dental arch was typically human in its general conformation ; 
the first premolar (as seen from its empty socket) had but one root; the molar teeth 
have a general resemblance to those of Neanderthal man, and their length-breadth 
index is quite human. The chin region was retreating, but there was no indication 
of a “simian shelf”. The whole bone was evidently a massive structure, a good deal 
stronger than in modem man, and bearing a general resemblance to the well-known 
Mauer jaw {Homo heideWergensis). It is also noted by v. Koenigswald that it 
harmonizes quite well with the small mandibular fragment found by Dubois at 
Kedung Bmbus many years previously. 

Perhaps the most remarkable discovery in Java during the last few years is the 
skuU of an infant found in February 1936 at Modjokerto (near Soembertengah). It 
was derived from a geological stratum containing what is termed the Djetis fauna. 
According to v. Koenigswald (1936), in numerous places in middle and east Java 
the strata containing the Trinil fauna are found above those associated with the 

* It should be observed that the skuU was cnuhed into a number of fragments on its discoveiy, 
and these had to be carefully pieced together, v. Koenigswald been criticized from some quarters 
for the m a nne r in which he has reconstructed the fossil, but there is actually no reason at all for 
doubting the essential accuracy of his careful work. 
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Djetis fauna ; in other words, the latter are the more ancient. Since it is now generally 
accepted that the Trinil horizon is of middle Pleistocene date, the Modjokerto skull 
must be at least early Pleistocene. Such a conclusion is borne out by certain elements 
of the Djetis fauna (e.g. EpimachairoduSt Nestoritherium, and Leptohos) which are 
referable to the latest Pliocene or the earliest Pleistocene. 

The Modjokerto skull is clearly that of a very young individual. It has a maximum 
length of 138 mm. and a maximum breadth of about 1 15 mm. From the appearance 
of die bregmatic region the age of the infant was certainly more than two years. 
On the other hand, the parietal bones are extremely thin (about 3 mm.) and the 



Fig. 4. Lateral and dorsal views ot the Modjokerto skull, superimposed on the outline of the skull of 
a European child of three years, x i/z circa. 


tympanic region of the skull is well ossified. Moreover, the supraorbital ridges are 
already becoming prominent, the forehead shows a relatively retreating shape, and 
there is an incipient postorbital constriction. Taking into account all the features 
available, it seems probable that the Modjokerto infant had reached a stage of 
development equivalent to a modem child of six years. The glenoid cavity shows 
that the temporo-mandibular joint is typically human. The cranial capacity is 
estimated to be about 700 c.c., and by reference to data concerning the brain growth 
of modem man and the anthropoid apes it may be inferred that this would not have 
e:q>anded beyond 1000 c.c. in the adult. There is no reason to doubt, indeed, that 
the mature form of the Modjokerto baby must have been quite similar to Pithecan- 
tkropuSf as the latter is known from fully developed skulls. 

It may be observed that even if the estimate of six years for the age of the skull 
is open to question, this does not affect the unusual importance of the specimen 
from the anatomical point of view. If the individual were older than this, then the 
unusually small volume of the brain would be further emphasized; if it were 
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younger tlian six, the remarkable development of the supraorbital eminences, the 
retreating character of the forehead, and the advanced degree of ossification of the 
tympanic region would all assume a greater significance. That the skull of a baby 
IHt^canthropus should appear less obviously primitive and suman than the adult 
form is of course to be anticipated from reference to comparative data, for even in 
the immature skull of an thropoid apes the brain case is more rounded and relatively 
larger in relation to the faci^ skeleton, the brow ridges and muscular eminences 
are much less developed, and the jaws are not so prominent — ^in other words, the 
young ape skull is more like that of man than the mature structure is. These facts, 
indeed, provide the basis for the conception of paedomorphosis as an evolutionary 
phenomenon. 

We may now turn our attention to recent discoveries relating to early Pleistocene 
man at Choukouden, near Pekin. These remains have been assigned to a new genus 
Sinanthropus^ and the first recognition of their importance is due to the study of a 
single molar tooth by Black in 1927. The story of the research which led to the 
extensive and systematic excavation of the Choukoutien site has been told on several 
occasions,^ and is now well known to palaeontologists. Black’s classical description 
(1929 1930 a) of the first skuU to be found (in Locus £ of the Choukoutien deposits) 

gives a general idea of the main characters of the Pekin man. The skull is very 
similar to that of Pithecanthropus. The forehead region is narrow, flattened and 
retreating, the supraorbital ridges are very powerfully developed, the mastoid 
process is poorly developed, the markings for the nuchal musculature are very 
prominent, the whole skull is markedly platycephalic, and the bones are extremely 
thick. The cranial capacity of this skull was estimated by Black to be about 960 c.c. 

Since the discovery of the first skuU, many other remains have come to light. 
A second skull was found in 1929 at Locus D (Black, 19300;), a third in 1929 at 
Locus £ (Black, 1931), and three adult skulls in 1936 at Locus L (Weidenreich, 
1937 a). In addition, numerous fragmentary remains of other crania have come to 
light, as well as many teeth and pieces of jaw. Altogether, the material which has 
now accumulated represents more than 30 different individuals of different ^es, 
and it may be regarded as fiiiiiy representative of the early Pleistocene population 
of this district.® 

A study of all the available material of Sinanthropus has emphasized the great 
variability shown by this extinct type of man. The cranial capacity of adult skuUs, 
for example, ranges from 850 to 1220 c.c. according to Weidenreich. In other words, 
at its upper limit it comes well within the range of variation of modem man. The 
forehead r^on may even be fairly wdfl rounded, though this character tends to be 
obscured by the prominence of the supraorbital ridges. It is possible, of course, 
that these variations may be related to sexual differences, but of this there is no 
certainly. The jaws were clearly rather massive and showed a high degree of prog- 

^ See, for example, Elliot-Smtth (193x0, 5 ) and Keidi (1931). 

* The geological and founal evidence bou:^ on the age of the Choukoutien depoaha has been 
the au^ect ctf numerous papen published duxing the past fow yeara in Palaeontolt^a Sanea and the 
BuBgtha of the Geaio^cal Society of Cham. See j^rticulaiiy Pei (1931). 
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nathism. The chin is retreating (as in Neanderthal skulls), though an incipient 
mental eminence is usually evident. According to Weidenreich, in some respects 
the symphysial region (particularly on its inner aspect) is more advanced morpho- 
logically than it is in Neanderthal man. On the other hand, the frequent presence of 
multiple mental foramina may be regarded as a simian trait. 

In a recent publication Weidenreich (1937 ^*) has described the dentition in 
considerable detail. His description is based on the study of 147 teeth from the 
main deposit at Choukoutien, probably representing 32 individuals of differait 
ages, and is well illustrated by drawings, photographs and radiographs. The most 



Fig. 5. The skull of Sinanthropus, as testored by Weideziteich (19370). x 2/5 circa. 

Striking feature of the teeth is their size, and the fact that this seems to show a 
pronounced sexual dihterence is in itself a primitive feature of some significance. 
The upper incisors are large and spatuiate. The lower incisors, on the other hand, 
are small and closely resemble those of modem man. The molar teeth are charac- 
terized by the complexity of the cusp pattern which, however, in its general features 
conforms to that of Homo. The lovrer ptemolars are somewhat distinctive, for in 
addition to their size they show some resemblances to the anthropoid apes in the 
proportions of the crovm and in the arrangement of the cusps. The canines are 
significantly massive, but it is doubtfiil whether some of the simian characters 
which have been ascribed to them really exist. Wndenreich has emphasized the 
pointed shape of their crovms, and also states that they projected vrell beyond the 
level of the adjacent teeth. However, he seems to have arrived at this conclusion 
by the comparison of isolated teeth, and by assuming that the basal margin of the 
enamel provides an accurate base-Une for estimating the level of the biting surface. 
Such an assumption is not correct, and indeed this is immediately seen to be the 
case by reference to fig. 239 in his monograph, which shows the “restored** 
dentition of Sinanthropus compared with the dentition of modem man. In Stnan- 
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thropus the canine is made to appear markedly projecting, but if the modem human 
teeth haH been orientated in the same way (i.e. with the basal margins of the enamel 
occupying the same horizontal plane), the canine tooth here would also appear 
projecting. Reference to the other figures given by Weidenreich (e.g. fig. 345) 
demonstrates clearly enough that the canine of Sinanthropus is just as “ brachydont” 
as in modem man, and^ indeed, the nature of the wear of all the teeth, as well as 
the anat omi c al characters of the temporo-mandibular joint, shows that the canines 
could not have projected as they do in the lai^e anthropoid apes (Fig. 7).^ 



Fig. 6. The upper molar and premolar teeth of Smantkropui — skull a, Locus L. x z. 
(From Weidenmch, 19376.) 



Fig. 7. The left upper jaw ami teeth of Stnantittopus (Locus O I). The first incisor and the raininit 
have been restored from original Sinanthropus specimens. This illustration «wti phapiy.Aft the 
character of the dentition of Sinanthropus. Nat. size. (From Weidenreich, 19376.) 

The dental arch is typically human in its conformation, making an even curve, 
and the canines are implanted alongside the incisors with no br^ in the series. 
The enlarged pulp cavities of the molars (as seen radiographically) somewhat 
approach the taurodont condition of Neanderthal man, in contrast to their appear- 
ance either in recent man or in the anthropoid apes. The roots of the molars show 

^ 1 muaft admit that I was pieviou^ misled by die published description of the de ntiti on of 
Sinanthropus, ^ in a recent publi^on (1939) I stated that “the teeth ate in many respects 
astonishingty simi a n ”. A more detailed study of the evidence suggests that this statement is rath**** 
too emphatic. Black (igag^z) had arrived at the conduaion from a study of the manrfi'Mi. of Sinan- 
thropus that the root of the canine iu the adult VTas “ but slightly longer and mote massive than those 
of the premolar”. 
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essentially hominid relations to the dental canal. Indeed, the whole appearance of 
the dentition can hardly fail to demonstrate its general hominid characters (as Black 
first recognized). It is surprising, therefore, to find Weidenreich saying that, if the 
characters of the teeth are employed as a criterion of classification, “there is no 
other choice but to range Sinanthropus within the general group of anthropoids”. 
In spite of certain simian features such as are presented by the large size of the 
teeth, the characters of the lower premolars and some details of the molar cusp 
pattern, this statement can only be regarded as an unfortunate and miRlftadiTig 
hyperbole.^ Incidentally, it may be noted that the jaw and teeth of Pithecanthropus 
from Java which have been recently described by v. Koenigswald appear to resemble 
very closely those of Sinanthropus. 

The endocranial cast of Sinanthropus was first accurately described by Black 
(1933). Apart from his tentative suggestion that the “anterior insular region was 
most probably exposed”,® he drew the conclusion that “the convolutional pattern 
of the cerebrum so far as it may be determined from the cast with any degree of 
certainty is such as might be expected to obtain in any primitive human brain”. 
The endocranial cast has also been described by Shellshear & EUiot-Smith (1934) 
and by Weidenreich (1936). In the former report certain speculations regar^g 
the fissural pattern of the brain are offered, and particular reference is made to the 
assumed presence of a sulcus lunatus of simian type. However, there is litde doubt 
that the groove which has been taken to represent a sulcus lunatus is nothing more 
than the impression of a ridge of bone raised up alongside the lambdoid suture, for 
such a groove is quite commonly to be seen in endocranial casts of modem human 
skulls as well as in those of anthropoid apes. 

We may now refer to some of the limb bones of Sinanthropus which have been 
found in ^e Choukoutien deposits. In 1932 Black described a clavicle, an os 
lunatum, and what appears to be the terminal phalanx of the hallux. In 1935 
Weidenreich described a small fragment of the shaft of a humerus, and more 
recently (1938) he has recorded the discover}" of portions of the shaft of two femora 
and the greater part of the shaft of a humerus. The striking feature about all these 
bones is their remarkable similarity to thc^e of modem naan. Indeed, it is doubtful 
whether they show any distinguishing characters at all. The cla\"icle and humerus 
indicate an upper limb skeleton which is quite typically human, and the muscular 
markings on the humerus give evidence of well-developed pectoral and deltoid 
muscles. The femoral fragments show no simian features. The shaft of the femur 
was as straight as it is in modem man, and must have been associated with a com- 
pletely erect posture. The total length of the complete femur is estimated from one 
specimen to have been 400 mm., corresponding to a body stature of about five feet. 
Also, so far as can be judged with the available material, the proportions of the 

^ It is somewhat remarkable to find Davidson Blade remarking on the contrasting association 
of hominid teeth with a mandible showing many simian features, while Weidenreich comments on 
the association of aimiMn teeth with a hominid jaw. Both authoritifis make these references to the 
jaws and dentition of Suumthrapusl 

* Some doubt is thrown on the evidence for this inference by the observation that even in a 
gorilla’s brain the may be completely submeiged (Le Gros Clark, 1937). 
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upper and lower limbs in Sinanthropus were probably the same as they are in Homo 
sapiens. 

These observations on the limb structure of Sinanthropus are of very consider- 
able importance in the study of human phylogeny. They demonstrate that, at least 
at the very beginning of the Pleistocene, even though the skull, brain and dentition 
retained many primitive features, the limbs had already attained their final shape 
and proportions. This can only m ea n that the point of divergence of the line leading 
to mnn from that, leading to the modem antluropoid apes must have been corre- 
spondingly remote. In other words, it suggests that the relationship between man 
and the modem anthropoid apes (particularly the gorilla and chimpanzee) is 
probably not quite so close as some anthropologists have supposed. 



Fig. 8. The contours of the skull of Pithecanthropus (shaded) and SinantJwopus supemnposed on the 
gJabella-inion line. The skull contour of Smanthropm is slightly reduced relatively to conform to 
the length of the Poheean^opus akuU. Abbreviation: p, ponon. (From Weidenreich, 1937c.) 

From the accoimt which has been given of the Javanese and Chinese fossils it 
will be readily apparent that they are very similar indeed in their anatomical 
characters. The general shape of the cmnium, the development of the supraorbital 
ridges, the range of variation of the cranial capacity, the anatomy of the jaws and 
teeth, and the strange contrast between an archaic type of skull and a completely 
modem limb skeleton, are in both cases almost identical. Indeed, it has now become 
apparent that the two series of fossils represent different geographical groups of 
the same genus. On the whole, the Chinese fossils suggest a slightly higher grade 
of development, since the frontal region of the skull is somewhat better developed. 
For this reason it may be desirable to regard them as belonging to a different species, 
perhaps under the name Pithecanthropus pehinesis^ but it is certainly unreasonable 
to demand a generic distinction.^ In spite of this, some authorities still persist in 
separating P. erectus of Java sharply from Pekin man, but it is curious to note that 

* The Buggestton of a separate genus, SmantkropuSt was no doubt justified when tbe discovenes 
were first made. Now ibat so mu^ material has «eralmnlgt»M^ to demonstiate tiie great range of 
individual variability, there can be no excuse for retaining the diatinetinn. 
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different arguments are put forward to support such a conception. Dubois holds to 
his contention that P. erectus was a giant gibbon, having no relation to man. On the 
other hand, he has for some time maintained that the remains foimd at Choukoutien 
are those of Homo sapiens. He thus finds himself now in the position of having to 
make this remarkable taxonomic distinction between two groups of fossil material 
which are almost indistinguishable anatomically! Weidenreich (1937^) comes to a 
very different conclusion. For him Sinanthropus is more primitive than Pithecan- 
thropus, in spite of the fact that the frontal region of the brain is better developed 
in the former than in the latter. It must be frankly admitted that neither of these 
opinions is in accord with the actual facta. Indeed, that two well-known anthro- 
pologists can arrive at such divergent conclusions from a study of the same material 
may well suggest to the general biologist either that the science of physical anthro- 
pology is still in a very embryonic stage of development, relying for its interpretations 
largely on speculation, or that anthropologists allow their judgment to be unduly 
affected by influences other than those of objective analysis. 

From the preceding account of the Pithecanthropus group it is evident that at 
the beginning of the Pleistocene an early type of man inhabited eastern Asia, 
extending from China down to Java, and characterized by a number of primitive 
features such as a low brain capacity, retreating forehead, massive supraorbital 
ridges, prominent jaws, and large teeth. It is not known for certain whether they 
extended their geographical range farther than this. In 1935 fragments of a human 
skull were found by Kohl-Larsen in a sandbank by the side of Lake Nyasa. The 
antiquity of this fossil is doubtful, but according to Weinert*8 reconstruction the 
skull approximated in its general features to the Pithecanthropus group, and its 
cranial capacity is estimated at about 1100 c.c. (Weinert, 1937). However, the skull 
was considerably damaged and it is difficult to accept with assurance the conclusions 
which have been based on a reconstruction. 

The evolutionary origin of ^tPithecanikropus group remains entirely conjectural. 
It may be presumed that it was ultimately derived from a dryopithecine ancestry, 
but there is still a very conspicuous gap here in the palaeontological record. 


IV. NEANDERTHAL MAN 

In 1856 the type spedmens of Neanderthal man were discovered in a cave of 
the Neander valley in Grenuany. Since this date other remains of a similar kind 
have come to light in many parts of Europe and the Near East, and in his book on 
the skeletal remains of early man, published in 1930, Hrdlij^ listed eighteen sites 
where Neanderthal man has been found. Still more recently, our knowledge of 
this extinct lype has been further extended by other discoveries; of these special 
attention may be drawn to an exceptionally well-preserved skull found in February 
1939 at San Felice Circeo in Southern Italy (Blanc, 1939), a portion of a skull from 
Saccopastore (Breuil & Blanc, 1935), the skull and parts of the skeleton of an eight- 
year-old child found during the summer of 1938 in the caves of Teshik-Tash in 
Southern Usbekistan (detailed report not yet published), and a number of skulls 
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and linrih bones from Alt Carmel in Palestine (a report of which has been published 
in a recent book by T. D. McCown & A. Keith). All this accumulation of fossil 
material has sened to emphasize the relative homogeneity of the Neanderthal 
group, to demonstrate its distinction from Homo sapeins (see Morant, 1927)) and 
to show its wide geographical range. As regards the antiquity of Neanderthal man, 
it is now generally recognized that in Europe he was contemporaneous with the 
Mousterian phase of Palaeolithic culture, and lived during the advance of the 
Wurm glaciation. 



Fig. 9. Lateral view of the Neanderthal skull frcnn San Felice Circeo. (From Blanc, 1939. 


While it is not possible to summarize here even briefly the results of the study 
of all the skeletal remains of Neanderthal man, it is of some importance to draw 
attention to certain variations which they show. The main skeletal characters are 
well known — ^the heavy supraorbital torus stretching in continuity across both orbits, 
the platycephaly, the receding forehead, the projecting occiput with its massive 
ridges for the nuchal musculature, the large orbits, prominent jaws, and the absence 
of a chin eminence, the capacious palate and large teeth, and less obvious details 
such as the undeveloped mastoid process, the convexity of the facial surface of the 
maxilla, and the backward disposition of the foramen magnum. In these features 
Neanderthal man resembles the earlier men of the Pithecanthropus group. A rather 
striking contrast is shown, however, in the size of the brain, for the cranial capacity 
is known to range from about 1200 to 1625 c.c. Indeed, the average capacity 
(about 1450 c.c.) is actually higher than that of modem man (about 1350 c.c.). 

In the classical examples of Neanderthal man which have been described (e.g. 
the remains found at Chapelle-aux-Saints, Boule, 19x3), the skeleton shows the 
development of a number of somewhat spedalized characters, and it has therefore 
been inferred that the Neanderthal type could hardly have given rise to Homo sapiens 
in whom these specializations have been avoided, but that it represents an aberrant 
and abortive side-line in the evolutionary history of the human family. The 
specializations to which reference is made include an exaggerated development of 
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the supraorbital torus, a peculiar modification of the molar teeth "which has been 
termed “taurodontism”,^ and changes affecting the Hmb bones, which are clumsily 
built with pronounced curvatures of the shaft and enlarged extremities. Such 
distinctive features are characteristic of the Neanderthal types which lived during 
the later Mousterian epoch, that is, during the cold period associated with the onset 
of the Wiirm glaciation, and the skeletal remains of these types are commonly 
found in deposits which contain the remains of mammals such as the mammoth 
{Elephas primigemus) and the woolly rhinoceros {Rhinoceros tichorhinus). There 



Fi^;. 10. Lateral view of the Ehringsdorf akulL x z/3 area. 


seems litde doubt that these types ultimately became extinct, for no skeletal remains 
of later date have been found which mark a transition to Homo sapiens. Moreover, 
it is well recognized that there is rather an abrupt hiatus in the cultural sequence 
between the Mousterian phase of the palaeolithic period and the immediately 
succeeding phases. 

Still more significant is the fact that the remains of Neanderthal man dating 
from the earlier part of the Mousterian epoch are often less "Neanderthaloid” in 
their skeletal characters and, indeed, approximate more closely to Homo sapiens 
than the classical type of later date. In this respect the discoveries at iCrapina in 
Croatia are of special interest. Here the skeletal remains of at least twenty individuals 
have been unearthed, and they show a considerable degree of variation (Gorganovi6- 
Kramberger, 1906). While the characteristic development of the supraorbital ridges 
seems to be constant, in some of the skeletons features of a progressive nature are 
evident. For example, in some instances the forehead region of the skull is relatively 
well developed, the symphysis of the mandible shows the incipient development of 
a chin eminence, the teeth are very similar to those of modem man, and, although 
some of the molars show taurodont characters, others lack this specialization. Lastly, 
the limb bones are slender and straight in comparison with the apparently retro- 

^ 'Ilie *ignifimnri» of tBiim donrittm as a spedalized feature peculiar to Neanderdial man has been 
to 8<»ne eactent discounted by tbe observation that the same feature may occasionally be found in the 
molar teeth of modem man (see Middleton Shaw, 1938). 



224 Gros Clark 

gressive characters of the more extreme types of Neanderthal man. The Krapina 
deposits, it should be noted, were evidently laid down during a fairly warm inter- 
glacial period, for while the remains of Rkmoceros mefchh are quite frequent, there 
is complete absence of Rhinoceros tichorhintis and of the mammoth. It appears, 
therefore, that the Krapina people date at least from the earlier part of the Mousterian 
epoch. 

Similar conclusions may be drawn from other palaeontological evidence, as 
shown, for example, by the Galilee skull (Keith, 1927), and the Ehringsdorf skull 
(Weidenreich, 1928). The latter is particularly important, for the geological and 
cultural evidence indicates that it is either of very early Mousterian date, or, more 
probably, definitely pre-Mousteiian. The skull, which is that of a young adult, is 
lofty, the forehead region is vertical and well arched as in modem man, the mastoid 
process is quite strongly developed, the supraorbital ridges are pronounced but not 
so massive as in typical Neanderthal skulls, and the cranial capacity is estimated at 
1450 c.c. 

It is convenient to refer here to the skulls of a Neanderthaloid appearance which 
have been found in Africa and Java. The former is represented by a skull from 
Northern Rhodesia, discovered in 1921, to which the name Homo rhodesiensis has 
been given, and the latter by a series of eleven crania which were found in 193 1 and 
1932 in Java, and which have been referred either to a new genus, Javanthropus, or, 
to a new species. Homo soloensis. It has been emphasized by several anatomists 
that in a number of features these skulls show differences from the classical Neander- 
thal type of Europe. Nevertheless, in their main characters they conform in a general 
way to this type, and indeed in certain respects, as in the supraorbital torus and the 
massive development of the ridges on the occipital bone for the attachment of the 
nuchal muscles, they have developed typical Neanderthal features to an exaggerated 
degree. It therefore seems reasonable to regard them simply as variants of the 
Neanderthal type. 

The Rhodesian skull was found in unstratified detritus filling a cavern, and 
there is no adequate geological evidence by v^ch its antiquity can be assessed. 
With it were found some limb bones of a modem human type,^ but it remains 
uncertain whether these can be properly associated with the sl^. The endocranial 
capacity is estimated at 1280 c.c. 

The Javanese skulls all lack the facial skeleton. In their general contour 
and in the details of the frontal and occipital regions they show quite a close resem- 
blance to the Rhodesian skull (Oppenoorth, 1932 a, 6, 1936, 1937). The temporo- 
mandibular joint is of modem human type. The capacities of three of the skulls 
are estimated at about 1160, 1300 and 1190 c.c. Only one limb bone has been 
found with the skulls, a tibia, and thia is aimilgr to that of modem man^ showing 
none of the typical Neanderthal characters. The skull a were found at the village 
of Ngandong on the Solo river, about 10 km. north-east of Trinil. Th^ were 

^ It has been stated, on the basis of a portion of the os tnnninniTiatnnn, 'diat the posture and gait 
of R ho d e sian man were altogether peculiar. Tbis condusum, however, was later shown to be the 
result of an error in reconstruction (Le Gios Ckdk, ipaS). 
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embedded in a mass of bard travertine composed of fluvial sand and grit impregnated 
with lime, and with them were found some problematical implements made of bone 
or stag-hom and some stone balls. The age of the Ngandong skulls remains un- 
certain. Oppenoorth believes the deposits to date from the middle Pleistocene. On 
the other hand, v. Koenigswald (1935), on the basis of the associated fauna, refers 
them to the late Pleistocene, while the late Prof. Callenfels (1936) believed they 
may be even as recent as the Mesolithic. 

V. PRE-MOUSTERIAN MAN 

Reference has been made above to the Ehringsdorf skull, the antiquity of 
which is judged to be either early Mousterian or pre-Mousterian. Another skull 
of somewhat similar type was found at Steinheim in 1933. The faunal evidence 



Fig, n. I4iteral view of the Steinheim skull, v 3/8. (As restored by Weinert, 1936.) 


indicates that the Steinheim skull is of pre-Mousterian age and dates from the 
warm period of the Riss-Wurm intergh^al. The characters of the skull are in- 
structive, for while it shows a fairly strong development of the supraorbital ridges 
approximating to the condition found in typical Neanderthal skulls, in other 
features, such as the rounded occipital region, the vertical sides of the skull, and the 
contour of the facial surface of the maxilla, it resembles more closely Hcmo sapiens. 
The cranial capacity, estimated at 1070 c.c., is also considerably below the average 
capacity of Neandwthal skulls (Weinert, 1936). 

In 1935 and 1936 two portions of a human skull were discovert at Swanscombe 
in Kent. They were found in situ in well-stratified gravels of the 100 ft. terrace of 
the Thames. The importance of this fossil lies in the fact that its antiquity is 
extremely well attested by stratigraphical, faunal and archaeological evidence 
(Swanscombe Committee Report, 1938). It can be referred quite definitely to the 
middle Acheulian phase of Palaeolithic culture, and it probably dates from the 
Mindel-Riss interglacial period. The bones (occipital and left parietal) are well 
preserved, and apart from their thickness appear to be closely similar to those of 
modem man. They certainly show no distinctive Neanderthaloid features. Nothing 
is known of the face and jaws, and it remains possible that these may have been 
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strongly developed. Indeed, there are indications that this was probably the case, 
for an impression of the sphenoidal air-sinuses on the basi-occipital bone suggests 
that the accessory nasal air-sinus system was rather extensive. Nevertheless, the 
fact remains that, so far as can be judged from the dimensions and indices of the 
back part of the skull, the Swanscombe skull is astonishingly similar in all its main 
metrical characters to the average of available series of modem skulls. The height 
of the skull (basi-bregmatic) and the maximum bi-parietal width are indeed rather 
greater tbau the corresponding measurements of female British skulls. The cranial 
capacity is estimated at about 1325 c.c., which is well within the range of variation 
of modem man. The endocranial cast, also, provides evidence of quite a richly 



Fig. 12. Median sagittal contour of the S^^'an8combe parietal and occipital bones, x 1/2 area. 
(From the Swanscombe Committee Report, 1938.) 


convoluted brain which shows no appreciable difference from modem human 
brains. 

The Swanscombe skull seems to establish without doubt that Acheulian nnau 
approximated to H. sapiens very much more closely than did the Neanderthal types 
of later Mousterian age. The specimen therefore confirms the evidence of the 
Steinheim and Ehringsdorf fossils, and also the evidence of the early Mousterian 
types. It must certainly be admitted that more palaeontological data are necessary 
before a final decision on this problem can be made, but at least it is reasonable on 
the evidence now available to assume that either H. sapiens or his immediate 
precursors were already in existence in pre-Mousterian times, and that the extreme 
Neanderthal types cannot therefore represent a transitional stage in the evolutionary 
origin of modem man. 
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VI. THE ORIGIN OF HOMO SAPIENS 

At the end of the Mousterian phase of Palaeolithic culture Neanderthal mgn 
disappeared — apparently with some abruptness. In deposits of later date the 
^eletal remains of man are all similar in their anatomical characters to the European 
populations of to-day. Whence did these modem types of man come? With the 
evidence at present available the answer to this question can only be conjectured. 
We have noted that in Acheulian times there were living in Europe men who were 
physically at least closely akin to Homo sapiens. There is little doubt, indeed, that 
they were the direct precursors of modem man. 

Between Acheulian man and the early Pleistocene representatives of the Pithecan- 
thropus group there is a considerable morphological hiatus. It has already been 
indicated, however, that the Pithecanthropus group showed a remarkable variability, 
the cranial capacity in some cases reaching well within the range of variation in 
modem man. It may be provisionally inferred that with a progressive growth of 
the brain the Pithecanthropus type would certainly have led to the appearance of a 
generalized Neanderthaloid type.^ At this point in the evolutionary history of the 
Hominidae two separate lines of development evidently made their appearance. 
In one of these the expansion of the brain was associated with an exaggerated 
development of the supraorbital ridges, the jaws, palate and teeth, and certain 
retrogressive changes in the limb skeleton, leading eventually to the extreme 
Neanderthal type of later Mousterian date. In the other line a progressive enlarge- 
ment of the brain vras associated with a recession of the supraorbital ridges and the 
jaws, a diminution in the size of the teeth, the construction of a more evenly 
rounded cranium with a vertical forehead, and the retention of the limb characters 
already developed in the Pithecanthropus group. This second line evidently led 
through Acheulian man to Homo sapiens. 

Undoubtedly the most serious gap in the palaeontological sequence of man still 
exists in the presumed transformation of the man-like ^es of Miocene time into 
the ape-like men of the early Pleistocene. The former, in spite of the “progressive ” 
tendencies which they showed in their teeth and jaws, were definitely apes, while the 
latter, in spite of the retention of a number of primitive features, were tme men. 
What is most urgently needed now to fill this gap is information regarding the skull 
and limbs of those Miocene and Pliocene fossils which are at present referred to 
Dryopithecus and allied genera. 


VII. SUMMARY 

Palaeontological evidence bearing on the evolutionary origin of the Hominidae is 
provided by dryopithedne fossils of Miocene and Pliocene date. These fossils consist 
almost entirely of jaws and teeth. They indicate that, while the dentition of Dryo- 
pithecus wras essentially simian in its general characters, in certain features, notably 

^ Soooe authotitieg have atgued widi good reason that it is not practicable to insist on a taxonomic 
distinction between the Pitfieeanthropiu group and Neanderthal man. See Zudcennan (1931). 
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the cusp-pattem and proportions of the molars, it showed some significant approach 
to a human type of dentition. In certain alhed genera, this approach is still further 
emphasized by the conformation of the dental arcade. The fact that in some species 
of these fossil apes the characteristic specializations of modem anthropoid apes 
were already evident in incipient form suggests that the divergence of the evolu- 
tionary line, leading to the Hominidae from that which cul min ated in the modem 
genera of anthropoid apes must probably be referred to the beginning of Miocene 
times. 

More recent fossil apes from South Africa, even though they themselves may 
not bear any ancestral relation to man, emphasize the evolutionary potentialities of the 
Diyopithecinae for development in the direction of the Homimdae. However, a 
considerable gap still exists between the dryopithecine apes and the earliest known 
representatives of the Hominidae, a gap which can only be filled by further palaeon- 
tological discoveries, with particular reference to the skull and limb characters of 
the former. 

The accession of new palaeontological material of the Pithecanthropus group 
(including those fossils which have been referred to the genus Sinanthropus) has 
served to emphasize its hominid status. It is important to note that, despite many 
primitive features of the skull, brain and dentition, the limb bones of the Pithecanr 
tkropus group are closely comparable with those of modem man. It becomes clear 
that if the modem characters of the human limbs had already been acquired so 
early as the beginning of Pldstocene times, the point of divergence of the Homimdae 
from the Simiidae must have been corresponc^gly more remote. 

The Pithecanthropus group almost certainly provided the basis for the devebp- 
nent of later types of man. Of these, one is represented by the rather specialized 
Neanderthal type of later Mousterian date. That this is to be regarded as an aberrant 
line is indicate by the fact that fossil human remains of early Mousterian and pre- 
Mousterian date were less distinctively "Neanderthaloid”, and more akin in dieir 
anatomical features to Homo sapiens. There seems little doubt that these fossils 
represent, as a group, the direct ancestors of modem man, 
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ADDENDUM 

In a recent communication {Nature^ Lond.y 144 , 1939, p. 926) v. Koen^wald 
& Weidenreich have called attention to further discoveries of j^hecantkropus in 
Java during last year. These discoveries comprise an upper jaw with a completely 
preserved nasal floor and palate and most of the teeth, and the posterior part of a 
calvarium induding the entire skull base. The authors reach the conclusion that 
** Pithecanthropus and Sinanthropus . . .sure related to each other in the same way as 
two different races of present mankind”. 
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I. INTRODUCTION 

Recent advances in knowledge of reproductive physiology have made it necessary 
to abandon, step by step, the view that oestrogenic hormones are specific in their 
nature and action. In the years immediatdy following Allen and Doisy’s isolation, 
in 1923, of a definite oestrogenic extract, the substance was customarily referred 
to either as the hormone of the ovarian follicle or as the female sex hormone, while 
its action was believed to be restricted to the female reproductive system. It soon 
became clear, however, that the ovarian follicle is not the only source of the hormone, 
and ideas of source spedficily had ultimately to be rejected. Such, too, was the 
fate of a frequently urged bdief that oestrogenic hormone is the only kind of sex 
hormone elaborated by the female organism. 

This was only the beginning of the breakdown of our views on the specificity 
of the female sex hormone. Soon after oestrone was obtained in pure crystalline 
state in 1929, a number of naturally occurring oestrogens with different chemical 
constitutions were recognized. At the same time research from another direction 
revealed the existence of numerous synthetic compounds, unrelated to the natural 
oestrogens, but possessing oestrogenic activity. The final blow to ideas of specificity 
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ramff with thc discovcry tha.t some androgens have oestrogenic powers, and with 
the clear demonstration that oestrogens are not sex-specific, but that they can act 
on the male as well as the female, and in both sexes not only on the reproductive 
s)rstem, but on tissues wholly unrelated to the Mullerian and Wolffian ducts. 

Not surprisingly, attempts to systematize knowledge about the action of 
oestrogens have become fewer in recent years, and at the present time there is no 
comprehensive hypothesis which aims at relating the many responses that are 
induced by oestrogens. The presentation of such a statement is the purpose of 
th e present review. It is put forward with no illusions about either the permanency 
or completeness of most general interpretations in this field of experimental biology, 
but in the hopes that it may for a time serve a purpose as a working h3rpothesis. 

The known effects of oestrogenic stimulation, other than such physiological 
ch an g es as alterations in uterine contractility and in vaginal />H, may be broadly 
classified under three main types of response. The first appears to be a property 
of most, if not all, tissues, and shows itself mainly in a change in water content 
(Zuckerman et al. 1939). With little doubt it represents a generalized vascular and 
metabolic effect of the kind that takes place so intensively in the sexual skin of 
monkeys (Krohn & Zuckerman, 1937; Aykroyd & Zuckerman, 1938&; Zuckerman, 
1939; Ogston^i a/. 1939). 

The second type of response may be regarded as comprising those widespread 
changes which result from the direct and indirect, and usually histologically 
recognizable, effects of oestrogenic stimulation upon various endocrine organs 
(e.g. anterior lobe of pituitary, adrenals, parathyroid). Included under this class 
of response are, for example, those changes that result from the stimulation of 
corpora lutea (e.g. Robson, 1939), and also the skeletal changes that occur in mice 
which have been treated with oestrogenic hormone^ (Gardner, 1936; Gardner & 
Pfeiffer, 1938). 

The third type of response takes the form of cellular growth, and is limited 
to certain tissues, e.g. the reproductive organs and the gums. Sensitivity which 
shows itself in this way is presumably due to some common property of the cells 
that react, and unless it be assumed at the outset that this cellular characteristic 
always develops independently, it is necessary to seek some other explanation for 
the fact that so many tissues have this property in common. One possibility k 
that many of the tissues which react by proliferation are developmentally related. 
It is with this hypothesis, which has been sketched in broad outfine in preliminary 
notes (Zuckerman, 1936a, 6), that the present article is concerned. The first task 
is necessarily to survey the field of the proliferative response. 

^ The latter chan ges are classified as an indirect reaction because thejr ate dosely similar to 
those whidi occur in pigeons (Pfieififer & Gardner, 1938), where they are undoubtedly associated 
with changes'in calcium metabolism, apparently mediated thron g the parathyroids (e.g. Riddle 
& Reinhart, 1936; Macowan, 1933; Chules & Hogben, 1933; Riddle & Dotd, 1936; Altmann 
& Hutt, 1938). In the lack of a contn^ hypothesa, and in spite of the negative observation of 
Levin & Smith (1938) that oestrogenic stimulation han little effect upon serum calritim in rats, rabbits 
and naonkeys (a ^ding at variance with that of Riddle & Dotd (1936, 1938) and that of Cheymol 
& Quinquaud (1938)), it may therefore be presumed, at present, that the skeletal changes which 
are effected in maromals by oestr ogen s are mediated as in birds. 
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II, REACTING TISSUES 
(i) Female 

(a) Fallopian tubes. 

The only changes which oestrogenic stimulation normally produces in the 
tubes are epithelial proliferation, with multiplication of the mucosal folds, and 
secretion. Massive and prolonged oestrogenic treatment may lead to considerable 
growth of the tube, with hyperplasia^ of its epithelial lining, from which dilated 
glandular ofishoots penetrate the muscular coat (Lacassagne, 1935 a). 

(i) Uterus, 

The gross effects of oestrogenic stimulation on the uterus vary in different 
species, but the essential change is the same in each, namely, fibromuscular and 
epithelial proliferation. The epithelial change is in almost all species associated 
with the proliferation of tubular endometrial glands, which in the primate uterus 
provide the characteristic “interval** picture. 

Excessive oestrogenic stimulation may lead either to cystic glandular hyperplasia 
of the endometrium (with irregular penetration of the hypertrophying myometrium 
by the hyperplastic glands), or to a process of “metaplasia” in which the normal 
secretory cylindrical epithelium of the cavum uteri and glands becomes transformed 
into stratified squamous epithelium.^ The first of these changes has been observed, 
under experimental conditions, in a mangabey monkey {Cercocebus torquotus aSys) 
and chimpanzee {Pan satyrus) (Zuckerman & Morse, 1935); a marmoset {HapaJe 
jacckus) (Russell & Zuckerman, 1939); rhesus monkeys (Zuckerman, 1937c; Engle 
& Smith, 1938); and in mice, guinea-pi^, rabbits and rats (e.g. Burch et al. 1931 ; 
Parkes, 1935; Lacassagne, 1935a; McEuen et al. 1936; Nelson, 1937; Lipschiitz, 
1937). The second change occurs throughout the uterus in rats (e.g. Selye et al. 
1935), mice (Gardner et al. 1936) and rabbits’ (Pierson, 1938), but only in the 
cervix of guinea-pigs* and rhesus monkey, close to the line of junction of vaginal 
and uterine epithelium (Lipschutz, 1937; Overholser & Allen, 1933 ; Engle & Smith, 
1935 ; Zuckerman, 1937a). This region in the rhesus monkey is normally an unstable 
zone of transition between cylindrical and stratified squamous epithelium, for it 
contains foci of “metaplasia” even in untreated animals (Sandys & Zuckerman, 
' 938 )’ 

^ By “hyperplasia” is meant the overgrowth of tissues due to the excessive proliferatioa of their 
cellular components. 

^ “Metaplasia” is the term loosely tised to describe any apparent transformation of one of 
well-characterized tissue into another. It has been widely applied to the particular change xxnder 
consideration here. 'Whether or not diia change actually comes within the scope of a strict definition 
of the term is discussed below (p. 249). 

* Neither Lacassagne (1935c) nor Zondek (1936}, who have also investigated the efiSects of 
prolonged and intensive stimulation in rabbits, has observed these changes. 

* Axordm^ to Nelson (1939), while the changes in the guinea-pig are mostly confined to the 
cervix, ih^ may extend to the fimdus uteri and even into the proxinial parts of the cornua. 
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(c) Vagina. 

Oestrogenic s timula tion leads to proliferation of the stratified vaginal epithelium, 
resulting in comification and desquamation of the more superficial layers of cells. 
Very small doses of oestrogenic hormone lead, on the other hand, to partial mucifica- 
tion of the vaginal epithelium, full mucification being an effect of the action of 
balanced amounts of oestrogenic and progestational hormone (Klein, 1937)* 

{d) Genital and circumgenital skin. 

T.ilfft that of the vaginal wall, the epithelium of the vulva of monkeys and, in 
many species, of the surrounding genital or seicual skin, undergoes proliferation 
under Ae influence of oestrogenic stimulation. The limits of the reactive zone vary 
in different species of monkey (Zuckerman, 1930, 1937&), and at different times 
(Zuckerman et al. 1938), but imder normal physiological conditions the most 
responsive region is the vulva itself (p. 255)* 

Glycogen can be demonstrated in all the epithelium of the female and male 
urogenital tract that undergoes proliferation in response to oestrogenic stimulation, 
including that of the genital and circumgenital skin (Carleton & Zuckerman, 1939). 

(e) Muscular and connective tissue of reactive zones. 

The muscular tissue of the female reproductive organs, derived presumably 
from the mesoderm of the intermediate cell mass and genital cord, hypertrophies, 
partly, although slightly, by mitotic division, under the influence of oestrogenic 
stimulation (see Reynolds, 1939; Crandall, 1938). So, too, do the connective tissue 
cells of the endometrium (Crandall, 1938), of the submucosa of the vagina, and of 
the seaual skin (Aykroyd & Zuckerman, 1938&). The increase in size of the con- 
nective tissue cells during oestrogenic stimulation appears to be associated with 
oedema of the reacting tissues (Aykroyd & Zuckerman, 19386). 

Excessive stimulation may lead in rabbits and guinea-pigs to the development 
of fibromyomatous growths in the uterus (Lacassagne, 1935 a; Nelson, 1937; 
Moricard & Cauchoix, 1938). The occurrence of tumours in non-gential regions is 
noted below. 

(/) Mammary glands. 

Oestrogenic stimulation causes growth of the nipples and duct system of the 
mammary glands of both female and male mammals. In some species, e.g. the 
guinea-pig (Turner & Gomez, 1934), it may induce true alveolar formation. This 
has also been claimed in the monkey (Gardner & van Wagenen, 1938), but the 
finding was not confirmed in a study of male monk^ in which stimulation was 
continued for over a year (FoUey et cd. 1939). On the other hand, secretory alveoli 
did form as a result of oestrogenic stimulation in two of four spayed female rhesus 
monkeys whose ovaries were removed before luteinization had occurred. 

In cancer-strain mice the proliferative effects of oestrogenic stimulation may 
proceed so far that mamm a r y adcnocarcinomata develop (see Lacassagne, 1937; 
Gardner, 1939 )* Metaplasia leading to the differentiation of sebaceous glands has 
also been reported in such animals (Florentin & Binder, 1939). 
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[g) Nasal mucosa and gum. 

The nasal mucosa of rhesus monkeys, particularly that of the middle and inferior 
turbinates, responds to oestrogenic stimulation in the manner of the sexual gkiTi 
(Mortimer et al. 1936; 1936a, h). Castration causes regressive changes in the 
mucosa (Champy, 1930). Histological observations of the former changes are not 
recorded, but similar stimulation leads to considerable epithelial growth, with 
superficial comification, of the gums (Ziskin et al. 1936). 

(A) Feathers. 

Oestrogenic hormone has a pronounced effect upon the growth of feathers, in 
many species being responsible for the plumage that is characteristic of the female. 
According to Parkes & Emmens (1939), in every case in which ovarian hormones 
determine the feathering of a hen, growing feathers in the cock or capon bird can be 
changed to the female type by the administration of an adequate dose of oestrogen. 

It may be noted that there are some indications that hair cycles in female 
mammals (rats, ferrets) may be connected with the ovarian cycle (Butcher, 1934; 
Bissonnette, 1935). 

(2) Male 

(a) Mice and rats. 

The epithelium of the coagulating glands of the mouse prostate undergoes 
hyperplasia and stratified squamous me^plasia under the influence of oestrogenic 
stimulation (Lacassagne, 1933; de Joi^h, 1933; Burrows & Kennaway, 1934; 
de Jongh, 1935; Burrows, 1935 a, b). The changes which occur in the male mouse 
are not, however, confined to just this region of the prostate. According to Burrows 
(1935A), the first organ that responds in this way is a cyst which is occasionally 
found in the situation where the urethral end of Mullers duct would be expected 
to occur. Then in order of response come the coagulating glands, the seminal 
vesicles, the periurethral glands (including Cowperis glands) and the entire urethra, 
the other lobes of the prostate, the vas deferens and, finally, the epididymis. In all 
the oigans which open into the urethra, the change begins in the urethral parts of 
the collecting ducts and spreads peripherally into the organ. When oestrogenic 
treatment is stopped, “recovery takes place in the reverse order to that in which 
the pathological chaises occur”. 

These changes, which also occur in the absence of the pituitary (de Jongh, 1934), 
are associated with fibro-muscular growth in the reacting organs (Freud, 1933 ; 
Korenchevsky& Dennison, 1934-1935; C)verholser& Nelson, i935;de Jongh, 1935; 
Korenchevsiy et al. 1936). 

While fibro-muscular growth is almost as marked in the rat as in the mouse, 
the metaplastic changes which result iBrom oestrogenic stimulation are more limited 
(de Jongh, 1935; Weller et al. 1936), 

As noted above, oestrogenic stimulation leads to considerable proliferation of 
the duct system of the mammary glands in male mice and rats, as well as in other 
male mammals. 
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(6) Monkeys and man. 

(i) Prostate. The most striking change which oestrogenic stimulation causes 
in the prostate of monkeys is growth and stratified squamous metaplasia of the 
“uterus masculinus” (Parkes &Zuckerman(i93S) and van Wageaen(i935), working 
on the rhesus monkey, Macaca mulatta; Parkes & Zuckerman (1935), on the 
Guinea baboon, Papio papio\ and Courrier & Gros (i 93 S^)> Barbary ape, 

Macaca inuus). An increase in the size of the whole organ is usually not apparent 
during short periods of oestrogenic stimulation, but is very evident when treatment 
is continued for a year or more (Zuckerman, 1938^1; Zuckerman & Sandys, 1939). 
The change appears to be mainly due to growth of the fibro-muscular elements 
of the “middle lobe** (prespermatic lobe or “utricular bed”) of the prostate. 

Observations on oAer species of monkey — ^the common marmoset {Hapale 
jacchus), the brown capuchin (Cebus faiuelbis), the common macaque {Macaca 
mtf), the green monkey {Cercopithecus aetkiops sabaeus), the drill {MandriUus 
leuc( 4 >hoeus)t the mona monkey {Cercopithecus mona)y and the hanuman langur 
{Presbyiis entellus ) — produced further interesting results (Zuckerman & Parkes, 
1936). Injections of oestrone were continued for from 14 to 39 days. The first two 
species showed no changes except in the urethral epithelium (see pp. 237, 256) ; the 
changes in the third, fourth, fifth and sixth were the same as in the rhesus monkey; 
while in the Entellus langur the “uterus masculinus*’ had responded by glandular 
hyperplasia, a change which was confirmed in a later study in which injections 
were continued for 483 days (Zuckerman & Sandys, 1939). This glandular hyper- 
plasia is completely different from the squamous metaplasia that occurs in other 
species of monkey, and in general takes the form of a proliferation of secretory acini. 

It should be noted that the true prostatic glandular adni of monkeys, including 
those of the cranial lobules which van Wagenen (1936) has suggested are homologous 
with the coagulating glands of mice, do not undergo hyperplasia or metaplasia in 
response to oestrogenic stimulation (Zuckerman, 1938 a; Zuckerman & Sandys, 
1939). Other changes do, however, take place in the prostate when oestrogenic 
stimulation is prolonged. Stratified squamous metaplasia occurs in the termiiial 
parts of both the main collecting ducts of the prostate and the common ejaculatory 
ducts, and also in the lower part of the prostatic urethra. The part cranial to the 
opening of the uterus masculinus and ejaculatory ducts remains practically un- 
changed. The extent of the urethral change varies in different species. 

There are few observations on the effect of oestrogenic stimulation on the 
human prostate. Hamilton et al, (1937) report no changes in mature men, but 
Moore & McLellan (1938) found that stimuktion results in increased stratification 
of the urethral transitional epithelium, and foci of stratified squamous metaplasia 
appear both in the epithelium of the urethra and that of the prostatic collecting 
ducts. These changes are similar to those which are normally observed in the 
new-born male infant (Aschoff, 1894; Schlachta, 1904; Shaipey-Schafer & Zucker- 
^939)- changes in the infant prostate, which are presumably due to 
leakage of oestrogenic hormone from the maternal organism, begin during the 
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seventh or eighth month of gestation, and show themselves by stratified squamous 
metaplasia of the collecting ducts (of mainly the upper part of the prostate), of 
the epithelium of the uterus masculinus, and of the epithelium over the summit of 
the crista urethralis. They may persist until two months after birth (Schlachta; 
Sharpey-Schafer & Zuckerman). In some cases the change in the uterus masculinus 
appears to be intermediate between the complete squamous metaplasia which is 
induced by oestrogenic stimulation in the uterus masculinus of the rhesus monkey, 
and the glandular hyperplasia which was observed in the langur. 

(ii) Seminal vesicles. Oestrogenic stimulaldon in immature monkeys leads to 
a considerable increase in the size of the seminal vesicles. The change is due to 
fibro-muscular growth, the epithelial elements of the vesicles becoming reduced. 
If stimulation is prolonged, the vesicular lobules become converted into thick-walled 
muscular tubes lined by a simple non-folded epithelium. Epithelial hyperplasia 
and metaplasia have not been observed in the seminal vesicles of monkeys. They 
occur, however, in the terminal parts of the ejaculatory ducts. 

(iii) Vasa deferentia. Epithelial hyperplasia and metaplasia were not observed 
in the vasa deferentia of rhesus macaques and Entellus langurs, which were injected 
with oestrogenic hormone for a year aiui longer. 

(iv) Hydatids of Morgagni. Oestrogenic stimulation leads to considerable growth 
of the hy^tids of Morgagni, the change affecting both the stromal and epithelial 
elements. Stratified squamous metaplasia has not been observed, the hyperplasia 
being glandular in nature (Zuckerman 8 c Krohn, 1937). 

(v) Urethra. Hyperplasia (in many cases leading to squamous metaplasia with 
superficial comification and desquamation) of the epithelium of the s ummit of the 
crista urethralis has been observed in all the male primates whose prostatic reactions 
to oestrogenic stimulation have been tested. In some species (e.g. the langur, 
Presbytis entellus ; the marmoset, Hopak jacchus; the brown capuchin, Cebus 
fatueUus\ and man. Homo sapiens) no further changes appear to occur. In others 
(e.g. the rhesus monkey, Macaca mulatta’, the drill, MandriUus kucqphoeus] the 
Guinea baboon, Papio papio; the Barbary ape, Macaca inttus; the green monkey, 
Cercopithecus aethiops sid}aeus\ and the mona monkey, C. mono) the changes extend 
from the region of the urethral opening of the uterus masculinus and ejaculatory 
ducts to the external opening of the urethra. With the exception of the lining of 
the upper prostatic urethra, which remains practically u nc h a nged, the whole of 
the urethral mucosa may be transformed into a stratified, comified and de- 
squamating epithelium. In the prostate the metaplastic process is best marked 
on the dorsal wall of the urethra, the ventral wall in some cases being un- 
changed. 

(vi) CowpePs glands. No hyperplastic or metaplastic changes were observed 
either in the acini, the smaller collecting ducts, or the main collecting ducts of 
Cowper’s glands in any of seventeen rhesus monkeys which were injected with 
oestrone (Aykroyd & Zuckerman, 1938a). Two of these animals had been under 
treatment for a year. No changes are to be seen in Cowper*s glands of newborn 
human infants (Sharpey-Schafer & Zuckerman, 1939). 
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(\'ii) Sexual skin. The genital and circumgenital skin of male monkeys, in species 
in which the female undergoes sexual skin changes, usually responds to oestrogenic 
stimulation in the way the corresponding skin of the female does (Dohm et al. 1933 » 
Bachman et al. 1935; Zuckerman & van Wagenen, 1935; Courrier & Gros, 1935a; 
Zuckerman et al. 1938). 


(c) Other mammals. 

(i) Dog. The urogenital tract of the dog is very sensitive to oestrogenic stimula- 
tion (de Jongh & Kok, 1935; Zuckerman & Groome, 1937; de Jongh et al. 1938; 
Petit et al. 1939). Not only the uterus masculinus and collecting ducts, but also 
the secreting acini of the prostate undergo stratified squamous metaplasia, until 
the glandular system is converted into a series of cysts, each filled with a core of 
desquamated epithelial cells. The entire urethra also undergoes squamous meta- 
plasia, the upper prostatic urethra apparently being as sensitive as the rest of the 


tract. 

The bladder, vasa deferentia and epidid3nnis also increase in size as a result of 
oestrogenic stimulation (de Jongh et al. 1938). No epithelial changes have been 
recorded in these organs, and their growth is presumably due to proliferation of 
fibro-muscukr elements, as de Jongh and his co-workers also suggest it is in the 
case of the rat epididymis (Sindram et al. 1939). 

(ii) Ground squirrel^ Citellus tridecemlineatus. Oestrogenic stimulation causes 
stratified squamous metaplasia, with superficial comification, in the epithelium 
of the following parts of the urogenital tract of the male ground squirrel (Wells, 
1936): bulbar gland, Cowper’s glands (collecting tubules and main ducts only), 
main prostatic ducts. Squamous metaplasia, without comification, was observed 
in the collecting ducts of the prostate. Fibro-muscular growth occurred in the 
seminal vesicles, epididymis, and ductus deferens, but no epithelial changes were 
observed in these organs in experiments in which stimulation was continued for 
34 days. 

(iii) Guinea-pig. The uterus masculinus of castrated guinea-pigs undergoes 
stratified squamous metaplasia as a result of oestrogenic stimulation (van der Woerd, 
1936; Courrier & Cohen-Solal, 1936; Laqueur, 1936). The reaction is somewhat 
modified in the presence of the testes. 

(iv) Cat. Oestrogenic stimulation causes a great increase in the size of the 


prostate and bulbo-urethral glands (Courrier & Gros, 1938; Starkey & Leathern, 
1939; Gros, 1939). This is due mainly to stimulation of normal secretory activity 
in the epithelial elements of these organs, but stratified squamous metaplasia occurs 
in the urethra, the uterus masculinus, and some secretory glandular acini. Raynaud 


(1937 a) has shown that very profound changes also take place in the bladder and 
urethra of the oestrogen-treated cat, the muscular coat of the for mer hypertrophying, 
and the epithelium in the region of its neck and that of the entire urethra and 


peri-urethral glands undergoing stratified squamous metaplasia. Even more pro- 
found changes in the vesical epithelium have been reported by Lacassagne (1935 i) 
in mice which had received large doses of oestrogen, squamous metaplasia of the 
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mucosa being associated with papillomatous outgrowths and epithelial ingrowths 
that reached as far as the muscular coat. Lacassagne has observed similar meta- 
plastic changes in the urethra of female mice. 

(3) Other responses 

Pierson (1938) has reported the occurrence of considerable changes in the 
stomach of a single rabbit that was treated with oestrogenic hormone for 3 years. 
A layer of striated muscle had developed immediately under cover of the serosa, 
and between this layer and the smooth muscle was a layer of tissue resembling 
manunary gland. No such changes have been reported by any other worker. 

It has been noted above that oestrogenic hormone stimulates growth of muscle, 
and occasionally the development of tumours, within the reproductive tract of 
male and female animals. More rarely it provokes abnormal fibro-muscular growth 
and tumours elsewhere in the body. Thus Koref et al. (1939) report the occurrence 
of fibrous tumours in the abdominal cavity of both male and female guinea-pigs, 
and Vargas & Lipschutz (1938) and Lipsdiiitz et al. (1938) state that extragenital 
tumours may appear even before uterine growths in the castrated female. These 
extragenital tumours are fibromas or fibromyomas, and they may invade smooth 
and striated muscle, pancreas and liver. 

Non-genital sarcomata, usually at the site of injection, have occasionally been 
reported in cancer-strain mice receiving oestrogens in oil, but similar tumours 
have also been reported in control mice receiving only the oil solvent (see Allen et al. 

1939)- 

III. THE CHARACTER OF THE PROLIFERATIVE RESPONSE 

Consideration of all these changes makes it clear that, under normal physiological 
conditions, oestrogenic sensitivity manifests itself histologically both in the orderly 
proliferation of secretory cells (for convenience this response is referred to below 
as “ glandular ”), and in the proliferation, comification and desquamation of stratified 
squamous epithelium (for convenience called “squamous response’*). These two 
types of response also appear under abnormal conditions of stimulation — ^for 
example, during prolonged and intense treatment with oestrogenic hormone — ^but 
whereas each is characteristic of definite tissues under normal conditions, tissues 
which usually undergo orderly glandular proliferation (e.g. the endometrium of 
the rat) may become metaplastic under non-physiological conditions, and trans- 
formed into proliferating stratified squamous epithelium. The occurrence of meta- 
plastic changes is not only dependent on the duration and intensity of stimulation, 
but also, to some extent, on the age of the animals subjected to treatment (de Jongh 
& van der Woerd, 1939). 

Whether or not Aere is a histochemical relation between the two types of 
response,^ the glandular is, in the main, confined to tissues (e.g. uterus, hydatid 
of Moigagni) that are undoubtedly derived firom the Mullerian duct. Exceptions 
are the mammary glands, which originate in the mammary ridges (themselves 

^ See quotation from SuntzefiF et (d. (1938), p* 251. 
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derived from ectoderm) and the prostate of the cat. The squamous response, on 
the other hand, occurs in tissues that are believed to have widely different origins, 
e.g. the vagina and the uterus xnasculinus, which arc presumed Mullerian duct 
derivatives; the prostate, Cowperis glands, and peri-urethral glands, which are 
derived from the urogenital sinus, and are generally presumed to be entodermal; 
the bladder of the mouse, and the base of the bladder in the cat, which are ento- 
deimal, and in the case of the latter probably Wolfiian as well; the circumgenital 
skin and feathers, which are ectodermal derivatives, as are also the nasal mucosa 
and gums, derived from the stomadoeum; and finally the seminal vesicles, the vas 
deferens, and the epididymis in the mouse, which are Wolffian duct derivatives. 

If these commonly believed embryological derivations are correct, it follows 
on the one hand that Mullerian derivatives are capable of both the glandular and 
squamous types of response, and on the other, that the squamous response occurs 
in tissues which have almost every kind of embryological origin. If such is indeed 
the case, no useful anatomical explanation can be offered for the responses of tissues 
to oestrogenic stimulation. This, however, is not the usual view, and several sugges- 
tions have been put forward to explain the morphological and histogenetic basis 
of the responses. Lacassagne (1933), who was concerned only with the dorsal 
lobes of the mouse prostate, suggested, for example, that these structures may be 
derivatives of the Mullerian duct— the basis for this suggestion imdoubtedly being 
the view, widely held until recently, tibat the action of oestrogenic hormone is 
mainly limited to Mullerian structures. Burrows, again (1935 a), suggested the 
possibility that the Mullerian ducts may contribute to the formation of the part 
of the urogenital sinus into which they open, for from this part of the sinus arise 
many of the prostatic ducts which respond to oestrogenic stimulation. But because 
other tissues that are clearly not Mullerian in origin also react, he later (1935^) 
qualified this interpretation and stated his views as follows: “the eflFects of an 
oestrogen on mice of either sex are almost or entirely confined to those organs, 
including the mamma and preputial glands, which are concerned directly or in- 
directly with reproduction. Stmetures which have no active part in reproduction 
yet respond to an oestrogen if morphologically they are components of the 
reproductive system in either sex, or have their embryological origin in that system.” 
A similar view was advanced by de Jongh et cd. (1938). 

This interpretation, while it clearly defines the field of the oestrogenic response 
so far as the reproductive system is concerned, does not, however, either indicate 
the different developmental and anatomical complexities of the male and female 
reproductive organs, or provide any explanation for the different types of response 
which occur in different regions of the urogenital tract. Detailed analysis of the 
changes which oestrogens cause shows that it is possible to throw light on these 
two problems. 

(i) The responses of true Mullerian tissue 

The first question that presents itself is whether or not both the and 

squamous types of response occur in true Mullerian tissue, a nd the problem 
immedia tely resolves itself into a consideration of the origin of the vagina, for under 
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normal conditions the vagina is the only presumed derivative of the Mullerian 
ducts which exhibits the squamous response. Undoubted Mullerian derivatives, 
like the uterine tubes and the uterus, undergo only glandular proliferation under 
normal conditions. Evidence bearing on this problem may be adduced from 
several sources. 

(fl) The origin of the vagina and uterus masculinus in man. 

It is generally agreed that early in development (at about the 30 mm. stage), 
the Mullerian ducts come into contact, at Muller’s tubercle, with the epithelium 
of the urogenital sinus, into which, according to some authors (e.g. Wood-Jones, 
1904), the conjoined ducts at this time actually open. All investigators describe 
the subsequent occurrence of a process of obliteration of the lumen of the fused 
ducts, beginning distally and proceeding cranially, with the consequent appearance 
of a utero-vaginal cord of cells canalized only in its upper part. Such a process 
of obliteration occurs in both sexes, in both of which the same uncertainties in our 
knowledge of the later developmental processes apply. These uncertainties mainly 
concern the derivation of the solid cord of cells that makes up the lower part of the 
utero-vaginal canal, and which is the rudiment of the vagina. Bloomfield & Frazer 
(1927) and Hunter (1930), agreeing with the older opinion, hold that all these cells 
in the female are definitely Mullerian in origin. Evatt (1909), Meyer (1909), 
Alesio (1929) and Vintemberger (1926), on the basis of their findings, state a corre- 
sponding view for the male. On the other hand, Spuler (1930) and Vilas (1932) 
present evidence that the cells are derived from the sinus epithelium over Miiller’s 
tubercle. Their view is that the caudal part of the utero-vaginal ca n al retrogresses, 
and that the canal retains connexion with the tubercle only through the medium 
of a cord of cells proliferated from the sinus. Vilas (1933) has also described an 
identical process in the male, whose Mullerian ducts, he believes, as a rule atrophy 
completely. In this his observations appear to tally with those of Pema (1924). 
In support of this view, it may also be noted that Meyer (1909), whose studies 
led him to the general conclusion that the uterus masculinus is derived from the 
part of the Mullerian ducts, also described certain cases in which sinus 
epithelium invaded the foetal utriculus masculinus. The opinion stated by Koff 
(1933), on .the basis of a careful investigation of the derivation of the solid vaginal 
plate, is an intermediate one. According to him, about the lower fifth of the vagina 
is derived from “sino- vaginal” bulbs proliferated from the squamous epithelium 
over the site of Muller’s tubercle, while the upper four-fifths develop from the 
fused and solid caudal segment of the MfiUerian ducts.^ 

Certain developmental abnormalities which crop up in clinical practice un- 
doubtedly support the view that the vagina is either wholly or in part derived, 
not from the Mlillerian ducts, but from the urogenital sinus. Thus Young (1937) 
reports several cases of male pseudo-hermaphrodites who had testes and male 

* It may be noted that the belief that the WolfBaa ducts may be concerned in the devel^Euneait 
of the lower end of the human vagina is not held by moat recent students of the problem (e.g. 
Bloomfield & Frazer, 1927; Hunter, 1930; Vika, X 93 a» 1933 )' 
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accessor}' organs, and who also possessed \’aginae, up to 3 in. deep, opening at the 
surface of the body (but no other female internal reproductive organs). This 
condition is usually associated wth severe degrees of hypospadias. Occasionally 
such male pseudo-hermaphrodites also possess a vestigial uterus and Fallopian 
tubes, and sometimes the vagina (which may be 3 in. long) opens into the posterior 
urethra. In the latter class of cases the vagina may justifiably be regarded as a very 
large “uterus masculinus”. 

One of these abnormalities has recently been found in the dissecting room of 
this department (Boldero & Zuckerman, 1939). The individual concerned was 
a presumed female aged 77 years. Her external form and genitalia were typically 
female, and she possessed a vagina, 6 cm. long, which ended blindly. No trace 
could be found of a uterus either by macroscopic or microscopic examination, nor 
were any definite male accessory organs discovered. Her gonads were inguinal 
in position, but so involuted and in such bad condition for histological study that 
it was impossible to tell microscopically what their previous character had been. 
Attached to them, on either side, were the fimbriae of the ostium abdominale of 
the Miillerian duct. 

There can be no doubt that the most reasonable interpretation of such ab- 
normalities is that the blind vagina is derived from the urogenital sinus. It is of 
course possible that the vagina develops from the caudal and separated end of fused 
Mullerian ducts, but in view of the embryological evidence cited above, and the 
further evidence noted below, it seems the less likely explanation. 

In the reverse condition of female pseudo-hermaphroditism, associated with 
adrenal disorder, mascuHnization of the external genitalia may carry the urethra 
forwards so that the vagina opens into the urethra (Young, 1937). These observa- 
tions are closely paralleled by those derived from experimental studies of inter- 
sexuality (see below). The condition in which the vagina opens into the upper part 
of a long closed urogenital canal is also reminiscent of the normal anatomy of the 
female spotted hyaena, Crocuta crocuta (Matthews, 1939). 

(b) The vagina of the mole^ Talpa europaea. 

It is convenient to consider at this point the vagina of the mole, as its develop- 
ment and the changes which take place in it throw considerable light on the question 
of the participation of non-Miillerian elements in the formation of the organ. 

The vagina of the mole is not patent in the non-breeding season, and during 
this period of the year the sexes can be distinguished only by differences in perineal 
dimensions (Matthews, 1935). The similarity of the external genitalia of the Tna1f> 
and female mole is reflected in their apparently more or less identical embryonic 
development. Thus Wood-Jones (1914) foimd that in both sexes the opening of 
the urogenital sinus is carried forwards “by closure of the inner genital folds, to 
the tip of the genital tubercle, which then becomes secondarily ensheathed within 
the overgrowing outer genital folds”. 

Wood-Jones has shown that up to about the 30 mm, stage of embryonic life, 
the Mullerian ducts open into the urogenital sinus close to the Wolffian ducts. 
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When the urogenital sinus is carried forwards to the tip of the clitoris by the fusion 
of the inner genital folds, the connexion of the Mullerian ducts with the sinus 
becomes lost, and the ducts, though fused above to form a common chamber with 
a wide lumen, pass downwards to the central region of the perineum in the form of 
attenuated strands of cells. At the same time cords of ectodermal tissue grow in 
from the surface to meet the apparently degenerating hliillerian cells. This ingrowth 
is occasionally unilateral, and the ingrowing cord (or cords) is always crescentic 
in outline. During the breeding season the vaginal orifice is formed by canalization 
of the ingrowing epithelial cord (or fused cords), and at the end of the season the 
canalized cord once again becomes solid. 

According to Matthews, the length of the solid distal epithelial strand varies 
from 2 to 5 mm. The length of the whole utero-vaginal canal, which is taken as 
the distance between the perineal site of the vaginal orifice and the junction of the 
utero-vaginal canal with the uterine cornua, varies from 13-25 to 36-50 mm. 

It is noteworthy that the Mullerian component of the female reproductive 
tract, from which the uterus and tubes develop, is fully patent until some distance 
from the perineal surface, and that it is impossible to tell whether or not the whole 
epithelial cord of cells which connects the canalized Miillerian part of the tract 
with the surface is purely ectodermal in origin or both ectodermal and Miillerian. 
In either case it is perfectly clear that ectodermal (i.e. non-Mlillerian) tissue makes 
a considerable contribution to the formation of the utero-vaginal canal. 

{c) Experiments on intersexiuMty in ratSj mice and guinea-pigs. 

It was first observed by Dantchakoif (1937^ h 1938a) that female guinea-pig 
foetuses can be altered in a male direction by injecting them in utero with testo- 
sterone propionate. This experimental procedure leads to the development of male 
accessory reproductive organs, and to the regression of the female organs. The 
external genitalia become indistinguishable from those of the normal male, and 
a vagina does not develop, although the body of the uterus may be of normal size. 
Similar changes have been observed in the female young of rats and mice injected 
during pregnancy with androgenic hormone (Green & I\y, 1937; Green et aL 
19386; Raynaud, 19376, c; 1938a, 6, c; Hamilton & Gardner, 1937; Hamilton 
& Wolfe, 1938). In such experiments small doses of androgen inhibit the develop- 
ment of all but the proximd part of the vagina, while adequate dosage results not 
only in complete suppression of the lower part of the vagina, but also in the 
appearance of fiilly masculinized external genitalia. The uterus is never suppressed. 

A very clear picture of the change is given by Raynaud. In the newborn normal 
female mouse the lower end of the uterus forms a single solid cord, which comes 
into contact with the urethra, and then continues distally, enlarging and becoming 
triangular in cross-secdon as it proceeds to the dorsal and separated part of the 
urogenital sinus, with which it has already made contact at a higher level. The 
solid vaginal cord is regarded by Raynaud as originating from the urogenital sinus. 
In the normal newborn male, on the other hand, the only part of the utero-vaginal 
rang] which persists is a small utricle whose junction with the dorsal wall of the 
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Upper part of the urogenital sinus, from which it is wholly derived, is in the form 
of two solid cords. The dorsal part of the urogenital sinus does not differentiate 
to form the distal part of the vagina. 

In the masculinized newborn female the mucosa of the distal part of the uterus 
is pseudo-stratified and unlike Mullerian epithelium. The uterine lumen divides 
into two, each lumen representing a Mullerian duct. These in turn become solid 
and join the urethra as in the male. 

A similar absence of the distal part of the vagina has been reported in two 
intersexual ground squirrels, Citellus tridecemlineatus (Wells, 1937). In one the 
proximal part of the ^’agina opened into the membranous urethra, and in the other 
it ended blindly. In the intersexual shrew {Sarex minutus) described by Brambell 
& Hall (1936), it ended in the left vas deferens, which in turn joined the right, to 
form a common efferent duct. 

Experiments in w’hich the male foetuses of rats and mice are feminized by the 
injection of oestrogenic hormone into the pregnant mother have yielded equally 
important data. Thus Greene et al. (1938^1) found that the development of the 
mde accessory organs is partially suppressed, and that the newborn male possesses 
a vagina “ comparable in development to that found in the normal newborn female 
In similar experiments Raynaud (1939^^ found that not only the vagina, but 
also the uterus may in some cases develop. 

In so far as the same experimental procedure may lead to the presence of the 
one and the absence of the other, it is perfectly plain from these observations that 
the upper and lower parts of the utero-vaginal canal represent different develop- 
mental entities, only the upper, presumably, being Mullerian in origin. 

{d) The histogenesis of the vagina in the rat^ mouse and gmnea-pig, 

Raynaud’s very detailed experimental and histological observations make it clear 
that the vaginal mucosa of the mouse, is in greater part, if not entirely, derived 
from the epithelium of the urogenital sinus. According to this observer, the 
cytological characters of the cells in the solid cord which forms the distal part 
of the utero-vaginal canal, and which becomes the definitive vagina, are those of 
urogenital sinus epithelium, and not of epithelium derived from the Mullerian 
ducts. Greene et al. (1938a) take the same view about the lower part of the vagina 
of the rat, while according to Dantchakoff (19376) the tjrpical basophilic Mullerian 
epithelium of even the lower part of the uterus of the foetal guinea-pig becomes 
transformed to a clear epithelium similar to that of the urogenital sinus. It is 
interesting, too, that Meyer (1910), who studied human material, states that the 
boundary between uterine and vaginal epithelium always lies at first in the cervical 
canal, and that as foetal life progresses, the epithelium that differentiates into 
cylindrical cells “d^troys the pavement epithelium as far as the external os uteri, 
and in about one-third of cases even further”. 

It would seem safe to conclude from these observations that the epithelium 
of the vagina in rats, mice and guinea-pigs is derived in greater part, if not wholly, 
from the urogenital sinus. It is obvious that the fact that the T^gina in the pre- 
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pubertal rat and mouse is a solid cord of cells, entirely different histologically from 
the uterus, accords better with this interpretation than with the alternative hypo- 
thesis that both are derived from the Mullerian ducts. 

It is convenient to refer in this section to an interesting observation which 
suggests that the “uterus masculinus” in Cetacea does not arise from the Mullerian 
ducts. This observation was made by Meek (1918) on a specimen of the white- 
beaked dolphin {Lagenorhynchus albirostris). In this animal the Mullerian ducts 
had not completely disappeared, but they were altogether unrelated to the “uterus 
masculinus”, which was normal in disposition. 

(e) The vagina in the monkey. 

Reliable information about the development of the vagina in monkeys is not 
available. Observations on the effect of oestrogenic stimulation on several species 
of monkey suggested, however, that it and the “uterus masculinus” are derivatives 
of the urogenital sinus and not of the Mullerian ducts (Zuckerman, 1936a, b). It 
was found later that the vagina in one species of monkey, Cercopithecus aetkiops 
sabaeuSf the green monkey, is a solid cord until puberty (Zuckerman, 19386). In 
the youngest specimens examined the cord was patent only immediately above the 
opening of the urethra, and in the region of the fomices. Experiment showed that 
it could be completely canalized by means of oestrogenic stimulation. A similar 
instance of non-canalization of the vagina has also been encountered in a rhesus 
monkey {Macaca mulaita). 

The resemblance of t^ condition to that in the prepubertal mouse is complete, 
and a priori it would be expected that the embryological origin of the solid cord 
would be the same (i.e. from the urogenital sinus). If is therefore of interest that 
the “uterus masculinus” in monkeys may sometimes show a very close resemblance 
to the structure which bears the same name in the mouse. 

It was noted above that the “uterus masculinus” of the infantile mouse 
bifurcates at its point of contact with the urogenital sinus, from which it is derived. 
The “uterus masculinus” of the rhesus monkey is usually unilocular, but in four 
of a series of fifty-eight specimens it proved to be double, as in the mouse, consisting 
of separate ducts which opened independently, on either side of each other, on the 
summit of the crista urethralis. The separated “halves” of the “uterus masculinus” 
were crescentic in cross-section, and this finding is of particular interest in so far 
as it is reminiscent of the ectodermal cord of cells which forms the distal part of 
the utero-vaginal canal of the mole. 

(/) The prostate in the female monkey. 

Prostatic rudimwts which occur as para-urethral glands in the female rat can 
be activated by means of androgenic stimulation (Korenchevsl^, 1937; Hamilton 
& Wolfe, 1937). These rudiments are bdieved to be homologous with the ventral 
lobes of the prostate of the male, and it is of interest that whereas aU the prostatic 
lobes develop in female newborn rats when they have been markedly masculinized 
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as a result of androgenic stimulation, only the ventral lobes appear when the 
intensity of masculinization is slight (Greene et al. 19386). 

The urethral glands which occur in the human female are homologous Avith 
those prostatic tubules of the male which develop from the urethra above the level 
at which the Wolffian and hliillerian ducts enter the urogenital sinus (Johnson, 
1920, 1922). The tubules in question are those of the middle (prespermatic) lobe, 
derived from the dorsal wall, those of the anterior lobe, derived from the ventral 
wall, and the more cranial tubules of the two lateral lobes, which apparently extend 
into this region (Lowsley, 1912, 1930). 

Similar glands, although rare in Macaca mulattay the rhesus macaque, sometimes 
occur in monkeys of the genus Cercopithecus (Sandys & Zuckerman, 1938), and they 
can be activated by means of androgenic stimulation (Zuckerman, 1938c). What is 
more significant, however, is that in the green monkey, C. aethiops sabaeus, glands 
of identical appearance occur as anterolateral offshoots of the part of the vagina 
immediately above the opening of the vagina. In one anomalous specimen, these 
glands formed a solid mass which was indistinguishable from prostatic tissue. This 
prostatic mass extended upwards and around the posterior surface of the vagina. 
A glandular mass indistinguishable from prostate was also found in a rhesus monkey, 
Macaca mulattaf and the common collecting duct of this gland passed into the 
dorsal wall of the \'agina. Similar abnormally disposed prostatic tissue may occur 
in man. Thus, a prostatic acinus is in very close relation to the vagina of a human 
pseudo-hermaphrodite figured by Young (1937). 

It may be safely assumed that the openings of these prostatic glands indicate 
their embryological origin. Since the prostate is undoubtedly a derivative of the 
urogenital sinus, these observations therefore suggest that at least the part of the 
vagina from which prostatic glands sprang in these abnormal cases must have been 
derived, not from the Mullerian ducts, but from the urogenital sinus. 

(g) Vaginal devehpmnt in other matnfnaUan species. 

The development of the vagina has been investigated by the usual histological 
methods in several species, but the results obtained are by no means uniform. 
Indeed, it is not only a case of agreeing with Baxter (19336) that the components 
of the vagina may differ considerably in different orders, and even among the 
members of one order of Mammalia — ^it is even more a case of recognizing that the 
same method of study has in almost every instance led different competent observers 
to altogether different conclusions. In some animals, and by some observers, the 
vagina is regarded as purely Mullerian in origin. In others it is regarded as being 
formed of both Mullerian and Wolffian components, or of Mullerian and urogenital 
sinus components. In a few instances it has even been regarded as a product of 
all three. 

The difficulty in answering the problem of the development of the vagina by 
usual embryological methods arises from the fact that where the Wn lffign and 
Mullerian ducts make contact with the urogenital sinus, they are also generally 
in contact with each other. It becomes lately a matter of opinion as to how far 
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each of these ducts, or the urogenital sinus, contributes to the solid cord of cells 
which marks their termination. Langenbacher (1882), for example, regarded this 
cord as entirely Mullerian in origin in the rabbit. Baxter (1933 a), on the other 
hand, is firmly convinced that both Wolffian and Mullerian cells are present in the 
terminal vaginal “knot” of this mammal.^ His description of the cellular “bulbs’* 
which form this knot, and of their replacement of degenerating Mullerian cells, 
is again practically identical with that given for other mammals (e.g. man), by other 
observers — ^with this very important exception, that some of these observers (e.g. 
Bloomfield & Frazer, 1927) regard the sino-vaginal bulbs as being Mullerian in 
origin, and yet others (e.g. Vilas, 1933; Koff, 1933) as derivatives of the urogenital 
sinus. Baxter’s further description of the development of the vagina of the pig 
(19336), and his discussion of the literature on the development of the vagina in 
ungulates generally, show quite as plainly how difficult it is to decide, by means 
of simple histological methods, the derivation of the cellular components of the 
distal part of the urogenital canal. 

Perusal of the literature suggests, indeed, that while it may be impossible to 
accept the view that the formation of the vagina is a uniform developmental process 
in Eutherian mammals, it is even more difficult to accept, as final, conclusions 
about the origin of the epithelium of the vagina that are indicated by the usual 
embiyological methods. On the other hand, evidence from other directions is, 
as shown above, almost incontrovertibly in favour of the view that the vaginal 
epithelium is either wholly or partly derived from the urogenital sinus. The stronger 
this evidence is, the w^eaker becomes not only the view that it is derived from the 
Mullerian ducts, but also the inference that Mullerian tissue responds to oestrogmiic 
stimulation both by glandular (uterine) and squamous (vaginal) responses. 

(2) The responses of the urogenital sinus 
(a) Migration of sinus epithelium. 

The view that vaginal epithelium is derived from the urogenital sinus is entirely 
in accordance with the endocrinological evidence. Thus the response of the vagina 
of monke3rs to oestrogenic stimulation is the same as, and can hardly be diiferentiated 
from, that of the vestibule, which is undoubtedly a vestige of the urogenital sinus. 
Similarly, the oestrogenic response of the “uterus masculinus” (or more correctly, 
vagina masculina) of many species of monkey is identical with that of the urethral 
epithelium, which, too, is derived from the urogenital sinus. These facts raise the 
further problem of deciding the upper limit of sinus involvement in the vagina. 

The cervical line of transition of vaginal and uterine epithelium would suggest 
that this limit is the cervix (as embryological evidence suggests it is in the mouse), 
in the same way as the corresponding line of transition between rectal mucosa and 

^ Thefactthat theyaginaof the rabbit is of compound origin is reflected in the oomples character 
of the 'vaginal mucosa in thin species (Carleton, i93i)* in its lowest third it consistB of atratifled 
squamous cells, whereas in its n^dle third the epithelium is non>ciliated colutnnar, and in its upf^ 
third a mixture of ciliated and non-ciliated columnar. The non-^iliated columnar ce ll s are phagocytic, 
and it is the lower stratified epiiheliiun which reacts in a typical way to oestrogenic st imulation . 

16>3 
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the epithelium of the anal canal marks the upper limit of the proctodaeum. This 
inference, however, is opposed by the fact that there is clear evidence that the 
hliillerian ducts in many mammals do take part in the formation of at least the upper 
part of the vagina. 

An answer to this difficulty is the strong likelihood that in the normal ontogeny 
of many forms (the rabbit is presumably an exception), sinus epithelium from the 
lower part of the v'agina ultimately replaces the hliillerian epithelium of the upper 
zone. Evidence in favour of this h3rpothe8is comes from Baxter’s study of the 
development of the vagina of the pig (1933 ft). At the end of foetal life the upper 
part of the vagina of this animal is lined by a single layer of columnar cells, while 
the lower part, to which Baxter believes the urogenital sinus contributes, is stratified. 
Transformation of the upper cylindrical epithelial lining into a stratified mucosa 
begins late in foetal life, and is not completed till sexual maturity. What is important 
here is that the transformation begins at the lower end of the columnar-cell lined 
segment, and slowly woiis upwards. This process strongly suggests the replacement 
of true Mullerian epithelium by caudal and different epithelial elements. 

Further evidence of the participation of epithelium of the urogenital sinus in 
the formation of the upper regions of the utero- vaginal canal is given in the work 
of Dantchakoff and Raynaud- Thus Dantchakoff (1937ft) writes of the sudden 
replacement of the typical uterine epithelium in the lower tapered part of the foetal 
guinea-pig uterus by cells identical with those of the urinary tract. Raynaud (1938ft, 
1939 </,«,/) describes an almost identical process in the mouse. His observations 
go even further and suggest that not only the epithelium of the utero-vaginal canal, 
but also that of the Wolffian ducts may be *Veplaced” by sinus epithelium.^ Thus 
he found that the distal part of the Wolffian ducts of the normal newborn mouse 
is lined by epithelium different from typical Wolffian epithelium and identical with 
that of the urogenital sinus, especially with that of the dorsal wall of the sinus, 
where the characteristic clear sinus cell is most abundant. 

These observations suggest that epithelium of the urogenital sinus tends to 
track away from the sinus along the paths formed by structures which obtain 
attachment to it. This view was originally put forward to explain the fact that 
stratified squamous metaplasia occurs in the ejaculatory ducts of rhesus monkeys 
which have experienced prolonged oestrogenic stimulation (Zuckerman, 1938 a). 
It is not only supported by the observations referred to above, but also by the fact 
that cranially directed diverticula frequently occur in the prostatic urethra of 
monkeys (Zuckerman, X938a). These diverticula may take the form of simple 
shallow pockets and blind tubular recesses, as well as common openings for the 
ejaculatory ducts and the “uterus masculinus” or for one ejaculatory duct and 
the “uterus masculinus”. The latter condition is stated to occur in 8% of cases 
in man (\^mtemberger, 1926). According to Bloomfield & Frazer (1927), the human 

^ It may be noted that some embryologista haye put forward the view that the distal ends of the 
Wolffian ducts cmtribute to the formation of the lower end of the vagina in certain TnamniHlian 
spedea. If this view is in feet correct, Raynaud’s observation raises the very important guestiott as 
to whether the cdla whidi the Wolffian ducts contribute are in feet Wolffian duct qpithelium or oella 
of sinus wigin (see footnote p, 441 ). 



Histogenesis of tissues sensitive to oestrogens 249 

Wolffian and Mullerian ducts remain separate in their entire extent, and open 
independently into the urogenital sinus. Consequently, it follows that the common 
opening of the ejaculatory ducts and “uterus masculinus” may be regarded as 
an evagination, or diverticulum, of the urogenital sinus, into which both the 
terminal part of the genital cord (vagina masculina) and the Wolffian ducts or duct 
(vas deferens) open. 

All these observations suggest that the epithelium of the whole vagina, in most 
mammals that have been investigated, is derived, either from the start or by 
a secondary process of replacement, from that of the urogenital sinus. This con- 
clusion can obviously be related to the fact that the vagina and uterus respond 
differently to oestrogenic stimulation. It can also be related to the fact that the 
coagulating and other lobes of the mouse prostate which, like the vagina, give the 
squamous response to such stimulation, take origin, not from Mullerian epithelium 
as was suggested by those who made the first observations on the sensitivity of 
the coagulating glands but, as Raynaud has shown, from the urogenital sinus itself. 

(&) Stratified squamous metaplasia. 

The observations which have been considered above bear out the suggestion 
(Zuckerman, 1936a, h) that epithelial metaplasia and stratification in the repro- 
ductive tract in response to oestrog^ic stimulation, whatever its histochemical 
basis, may in general be regarded anatomically as a primary response of tissue in 
whose development oestrogen-sensitive sinus epithelium has played a part. Under 
normal conditions it would seem that stratified epithelium does not continue to 
invade those reproductive organs, whose original epithelium it had not completely 
replaced by the time of birth, pardy because of the lack of a sufficient oestrogenic 
stimulus, and partly because of the counter-influence of the factors upon which 
the normal condition of the organs in question depends. In such organs the point 
where glandular and stratified squamous epithelium meet is an unstable zone of 
transition such, for example, as is found in the cervix uteri. When the oestrogenic 
stimulus becomes dominant, stratified epithelium gradually replaces the normal 
glandular mucosa, the change usually beginning in the region closest to the original 
urogenital sinus. When the stimulus weakens, the stratified epithelium recedes, 
and the mucosa returns to its normal condition. 

While this hypothesis explains the general course of the metaplastic effects 
which oestrogenic stimulation induces in both the male and female reproductive 
tracts, it raises the further problem of how the metaplastic change is actually 
effected. An advancing wave of rapidly proliferating squamous sinus epithelium 
does sometimes replace an original less dominant Mullerian or Wolffian columnar 
epithelium. Such a process, according to Locb et al. (1938), is the usual way in 
which the uterus of an oestrogenized mouse becomes covered by stratified squamous 
epithelium. It does not come, however, within the defined scope of the term 
“metaplasia”. Adami & McCrae*s (1914) authoritative definition of the term, 
as re-emphasized by Ham (1932) in Cowdiy’s Special Cytology^ is as follows: 
“metaplasia is the postnatal production of specialized tissues i^m cells which 
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normally produce tissues of other orders, and is an adaptation on the part of the 
cells to altered en\ironment. . . . Metaplasia is not direct, but can be brought about 
only by a preliminary reversion to a vegetative type of cell or, where mother cells 
are present, by the development of cells modified by environment.” 

True metaplasia of this kind is possibly the process that has occurred in regions 
of the reproductive tract where isolated peninsular extensions of stratified squamous 
cells project into the lumen of a gland or duct; for these peninsular extensions could 
clearly represent the proliferation of de-differentiated columnar epithelium. On 
the other hand, such foci of “metaplasia”, especially in regions close to the original 
urogenital sinus, might represent the proliferation, in the presence of an adequate 
stimulus, of dormant “squamous” ce^ derived originally from the sinus, or from 
a derivative of the sinus. In his general discussion of metaplasia, Karsner (1938) 
refers to such a possibility as follows: “what appears to be metaplasia may be due 
to inclusion of embryonal rudiments in the areas affected, which remnants may 
proliferate to form the new tjyie of cells.” A further possibility, in the case of the 
“metaplasia” we are discussing, is that the foci of abnormal proliferating cells 
may represent the distal ends of tracks of squamous epithelium, which had lost con- 
nexion with their source, but which originally were part of a general process of invasion . 

The way the transformation takes place is so little understood that it is well 
worth while quotii^ in full the observations made by Loeb et aL (1938) in their 
recent study of the growth processes induced by oestrogenic hormones in the 
uterus of the mouse. They write as follows: 

In one case we noticed as a first change two or three layers of loosely arranged 
cylindrical cells in which mitosis occurred; in another case a layer of cuboidal (»lls 
developed below the layer of cylindrical cells; in still other instances several layers of 
cuboidal cells formed beneath ffie cylindrical epitheliiun papillae, raising the latter up. 
Sometimes four or five layers of cuboidal cells were seen, and the upper cells, instead of 
keratinizing, underwent hyalinization, a process which is quite common in the cervix. 
The hyalini^d cuboidal had a tendency to dissolve, as was evidenced by the formation 
of vacuoles. In the end such a vacuolization affected the whole cell, which was transformed 
into a soft colloid or gelatinous material. These vacuolization and solution processes were 
especially noticeable in the cuboidal hyaline ceUs which lay on top of the squamous 
epithelium; but they occurred, too, in the cuboidal hyaline cells which developed beneath 
the cylmdrical cells and pushed the latter upwards. Hyaline material developed also in 
the cytoplasm of the cylindrical cdOb. 

The epithelial celk which underwent the change into transitional and squamous 
epitheliumapparently acquired thereby a greater mobilily. This was manifested in two ways ; 
(x) the squamous epithelium moved beneath the cylindrical epithelium where it adjoined 
the latter and raised it up from the underlying connective tissue ; (2) where the squamous 
epithelium directiy covered and thus came in immediate contact with relatively soft 
hyaline material which had been deposited in the mucosa, it moved downward as a con- 
nected row of cells into this gelatinous substance, partly traversing it. There is evidently 
inherent in the squamous epithelium a tenden<y to move, but under normal conditions 
extension into the underlying connective tissue is prevented by the firm consistency of 
the latter. The relatively soft hyaline material which develops in mice injected with large 
amounts of oestrogen does not offer the same d^ree of resistance, but on the contrary, 
acting as a foreign body, it may exert a motor stimulus on these c^. 
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The formation of transitional or squamous epithelium may take place not only in the 
surface epithelium, but also in the glands. In some cases it seems that the squamous 
surface epithelium grows downward into the glands; but in other instances low squamous 
epithelium may develop in the glands in places where cylindrical epithelium covers the 
surface of the uterus. Only rarely is it merely the gland duct which is lined with squamous 
epithelium; as a rule, the latter extends thmugh a part or the whole of the body of the 
gland. Thus it may happen that one part of a gland fundus is lined with c}'iindrical and 
another part with squamous epithelium. 

In uterine glands which have undergone this change the squamous epithelium may 
give origin to cuboidal nucleated, hyaline cells which fill the gland lumen. These glands 
then assume the characteristics of glands, or of precursors of glands, which are often seen 
in the cervix near the junction with the uterus. The desquamated hyaline cells may also, 
in certain cases, have a tendency to dissolve and this gives origin to colloid material which 
quite commonly distends these cystic uterine glands. There exist thus transition stages 
between the typical uterine cysts, lined ^dth cylindrical or cuboidal epithelium and filled 
with a colloid gelatinous material, and the cysts of the uterine cervix filled with proliferated 
and desquamated hyaline ceils, a condition related to and preceding the sts^es of 
keratinization. 

By such processes of metaplasia (which in the male are undoubtedly best 
demonstrated at first in the region of the urethra, i.e. urogenital sinus), and by the 
subsequent proliferation of metaplastic areas, the transformation of the whole male 
genital tract of the mouse, as described by Burrows (i93SA), may take place. It is 
also possible to explain, by means of the general hypothesis developed above, the 
metaplasia which was observed by Raynaud (i937<2) in the upper urethra and in 
the base of the bladder of cats, and by Lacassagne (1935 A) in the bladder of mice. 
The basis of this response would appear to be the presence in the neck of the bladder 
of cells both identical and continuous with the oestrogen-sensitive sinus epithelium 
(Raynaud, 1939^, ^>/)* The fact that there is a gradient of response (both in time 
and degree of change) between organs (see p. 235) is presumably explained by the 
fact that the various male accessory organs bud from ihe urogenital sinus at various 
distances from the most sensitive part of the sinus — ^which in most species appears 
to be the summit of the crista urethralis. 

The existence of a corresponding gradient in the utero-vaginal canal of the 
female mouse is described as follows, from a slightly differrait point of view, by 
Suntzeff et al (1938): "The nearer the tissue approaches, in its normal situation, 
the vaginal orifice, the greater is the tendency of the epithelium to grow in the form 
of squamous epithelium and the less its tendency to grow as cylindrical, gland-like 
epithelium. . .while in the vagina proper there is a tendency of the squamous 
epithelium to keratinize, in the cervix this tendency is more and more replaced 
by a tendency to hyalinize . . .and still farther up we may find instead of hyaliiuzation 
a vacuolar degeneration of the upper cell layers.” 

It is not suggested that the kind of metaplasia described above is the only kind 
of abnormal epithelial change that can affect the reproductive tract Squamous 
transformation of normal cylindrical epithelium occurs in many parts of the body 
as a result of irritation (e.g. in the gall bladder or the pelvis of the kidney when 
stones are present). It may also occur in response to friction over exposed parts 
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of a prolapsed uterus, and in this connexion it should be noted that Suntzeff et al. 
(1938) regard friction as an important factor in the localization of the stratified 
squamous response in the utero-vaginal canal of oestrogenized mice. Metaplasia, 
according to the terms of its definition, is an adaptation of cells to an altered 
environment. Friction represents a mechanical change, oestrogenization a chemical 
alteration in the environment of cells. Both, presumably, may operate in the 
reproductive tract. 

(c) Insensitivity of sinus derivatives. 

It seems clear that the squamous response to oestrogenic stimulation observed 
in the reproductive organs represents, from the anatomical point of view, a primary 
response of oestrogen-sensitive epithelium of the urogenital sinus. 

Not all derivatives of the urogenital sinus, nor indeed the entire urethra, are, 
however, always sensitive to oestrogenic stimulation. In the mouse they appear 
to be, but in different species of monkey as well as in man, various derivatives of 
the sinus appear to be insensitive. Thus in the rhesus monkey the segment of the 
male urethra cranial to the openings of the Wolffian and Miillerian ducts, like the 
urethra of the female of the species, is generally insensitive, whereas all the urethra 
distal to these openings is sensitive. Similarly only the proximal parts of the 
prostatic collecting ducts are sensitive, whereas none of the epithelium of Cowper*s 
glands is. In man, on the other hand, the only region of the urethra which is 
sensitive is the part immediately above and below the openings of the ejaculatory 
ducts, while the collecting ducts of the upper parts of the organ appear to be much 
more sensitive than they are in the rhesus monkey. On the other hand, Cowper’s 
glands are insensitive, as they are in the rhesus monkey. 

It is difficult to understand why difierent primates vary in the degree to which 
their urethral canals are sensitive to oestrogenic stimulation. There seems, however, 
to be some correlation between this variation and interspecific variation in the 
extent to which females of the species experience sexual-sldn swelling (see below). 
It is equally difficult to understand how some structures which have developed as 
buds from oestrogen-sensitive sinus epithelium should later be unresponsive to 
oestrogenic stimulation (e.g. Cowper’s glands). 

It is, however, conceivable that the oestrogenic sensitivity of structures derived 
by budding from the sinus diminishes progressively with the degree of subdivision 
and elaboration of the original buds. Altemativdy, it may be that the lack of 
response of the true prostatic glands or, for example, of the ducts and acini of 
Cowper*s glands, is due to the later specialization of cells which primarily arose 
from oestrogen-sensitive epithelium. That one or both of these processes must 
have occurred is indicated by the fact diat in the rhesus monkey the urethral 
openings of the insensitive prostatic glands, which presumably give the topo- 
graphical relations of the embryonic prostatic tubules, are in fact placed almost 
entirely in the uppermost part of the region of the urethra which responds to 
ocstrone (Zuckcrman, 1936a), while Ckjwper’s glands also undoubtedly develop 
horn a region of the sinus that is sensitive to such stimulation. 
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A further possibility in the case of the prostatic ducts is that the primordial 
prostatic tubules may have been derived from a region of the urogenital sinus that 
is originally insensitive to oestrogenic stimulation. Sensitivity in this r^on and 
in the collecting ducts may have been attained later either by a change in the 
character of the original epithelium or by the replacement of that epithelium by 
more caudally disposed sensitive cells. 

A third view is that the sensitivity of the whole sinus (and of some of the tubular 
structures which open into it) is a characteristic acquired after the glands to which 
the sinus gives rise have budded. Such a view seems less likely, however, than the 
one which implies that glandular organs derived from the urogenital sinus may 
become specialized, from the point of view of oestrogenic sensitivity, after they 
have budded.^ 

IV. THE ECTODERM IN RELATION TO THE UROGENITAL SINUS 

Thus far the analysis has been directed mainly at an examination of the view 
that organs with presumably the same embryological origin may give both glandular 
and squamous responses to oestrogenic stimulation. This view was in the first place 
suggested by the fact that the uterus gives the one, and the vagina the other kind 
of response, and by the fact that both organs are usually supposed to be Mullerian 
derivatives. But as has been shown, this embryological doctrine is highly question- 
able, for while the uterus is clearly a derivative of the Mullerian ducts, the vagina 
is almost certainly histogenetically related to the urogenital sinus. The proposition 
that has been tested thus falls to the ground, and so far as the Mullerian S3rstem is 
concerned the difference between the responses of the two organs could be made 
the basis of a more specific working h3rpo^esis that oestrogenic stimulation evokes 
only a glandular response in organs that are solely derived from the MiiUerian ducts. 

The further problem that tissues which are usually presumed to have widely 
different origins (i.e. Wolffian and entodennal derivatives) may nevertheless exhibit 
the same type of squamous response to oestrogenic stimulation is also clarified by 
the foregoing analysis. In this case it has been demonstrated that the common 
squamous response may be related anatomically to the fact that the epithelium of 
the urogenital sinus has played a part in the development of all the internal organs 
concerned, e.g. vagina, prostate, urethra. The squamous response appears, however, 
to be less specific than the glandular, for it is exhibited not only by derivatives of 
the urogenital sinus, but also by a variety of ectodermal tissues (e.g. skin, gums). 
It becomes necessary, therefore, to enquire into the anatomical relationship of the 
entodennal (urogenital sinus) squamous response to the ectodermal (skin) squamous 
response. 

(i) The response of shin to oestrogenic stimulation 

As noted above, the genital and circumgenital skin in many spedes of monkey 
is sensitive to oestrogenic stimulation. In the normal mature female of the species 

1 The urogenhal ainus has been found to be sensitive to oestn^Sena not only in foetal and newborn 
rodents, but in the newborn poudi opossum (Bums, 1939}. 
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this sensitivity sho\vs itself, during the follicular phase of the menstrual cycle, 
not only by reddening and swelling of the reactive area, but also by proliferation 
of the epidermis. Desquamation also occurs. The corresponding region in the 
male of the species does not undergo any changes under normal conditions, but 
injection of oestrogenic hormone shoe’s that it is equally sensitive. 

As has also been pointed out, the limits of the reactive zone vary in different 
species and at different times. Thus the change is most marked in animals like 
baboons {Papio spp.), moderately developed in a species like the rhesus monkey 
{Macaco milatta)^ and not apparent macroscopically in a species like the green 
monkey {Cercopithecus aethtops sabaeus). An attempt to analyse the relative 
extent of the change in different parts of the body has been made in the latter two 
species. 

It was shown in a previous study (Zuckerman et al. 1938) that in its maturation 
the sexual skin of the rhesus monkey passes through three main types of response: 
first, the limitation of oedema to a circumgenital zone; second, the peripheral 
extension of the zone of oedema and its disappearance from the central circumgenital 
area; and third, the general disappearance of subcutaneous oedema, and the final 
restriction of the main zone of coloration to the perineal region of the body. These 
three phases can be induced artifically, in both male and female immature rhesus 
monke)^, by the continued injection of oestrogenic hormone. 

The extent of the reactive region, both in normal mature females and in 
experimental animals of either sex that are being subjected to prolonged intensive 
oestrogenic stimulation, sometimes increases in a very remarkable way. Thus: 

(а) The supraorbital ridges and the region of the nasion may swell, and remain 
swollen over long periods. 

(б) Occasionally parts of the main sexual-skin region other than the central 
zone become oedematous in mature animals. When it occurs, this change is usually 
confined to the periphery of the main sexual-skin region. 

(/:) Oedema of the skin of the posterior aspects of the legs, as far down as the 
tendo Achilles, is also occasionally observed in fully mature rhesus monkeys. 

{d) The skin of the whole back may be thrown into a series of thick oedematous 
folds. When this occurs, the skin of the supraorbital ridges is also usually thickened 
and swollen, and overhangs the eye sockets, while the skin of the temporal fossae 
is thrown into obliquely directed folds. The swellings of the baclt may extend 
forwards as far as the lateral luxes of the abdomen, and the navel may be everted. 
The skin of the lower abdominal wall may also become somewhat swollen. When 
swelling of this kind is resorbed, the skin of back is usually, for a considerable time, 
broken up into a tesselated arrangement of thick, grey, irregularly formed plaques. 

Like the normal reactive zone, proliferation of the epidermis occurs in these 
extragenital zones of swelling. 

In a series of observations of which details will be published elsewhere (Aykroyd 
& Zuckerman), it was found that the circumgeni'^ skin changes may be re- 
garded as part of the same oestrogenic process of stratification that talf^a place 
in the vagina of the female monkey and in the urethra of the male. These observa- 
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tions were made on normal immature rhesus monkeys and on immature rhesus 
monkejrs that had been injected with oestrone. Measurements were made of the 
thickness of the stratified epithelium in thirty-six pieces of skin taken in each 
animal from arbitrarily chosen points on the mid-ventral, mid-dorsal and lateral 
lines of the trunk and head, and from the medial-adductor and dorsal lines of the 
inferior extremity, and also of the thickness of stratified epithelium in the reproduc- 
tive organs. It was foimd that the epidermis in the genital and central sexual-skin 
area was thicker in the injected than in the control animals, and that the difference 
in thickness became increasingly greater towards the \nilva and vagina. A similar 
but less pronounced change was observed in the nape of the neck, over the crown 
of the head, and to a lesser extent over the upper part of the nose. There appeared 
to be no change in other regions of the body. Estimates were also made of the degree 
of mitotic activity in each specimen of skin, and these showed that the rate of 
mitosis was far higher in the responsive regions of skin than elsewhere, the number 
of dividing cells increasing mth the thickness of the epidermis. 

A more limited number of observations were made on the green monkey 
{Cercopithecus aethiops sabaeus), but they were sufficient to show that the thickness 
of the vulval skin in front of the vaginal opening increases considerably during 
the course of oestrogenic stimulation, and that the increase in thickness is greatest 
over the inner aspects of the labia minora. There is very little response more 
peripherally, a fact that can be correlated with the absence of a sexual skin in this 
species. 

Whether or not they could be distinguished histochemically, there is at present 
no obvious criterion by which to differentiate between the stratified squamous 
oestrogenic response of the vagina, that of the vestibule, and that of skin lying more 
peripherally to the vestibule. These observations therefore suggest that the external 
circumgenital reactive area may be regarded as the peripheral part of a total oestrogen- 
sensitive epithelial zone. The most sensitive part of this zone in the female is the 
vagina, and, to some extent, the response, under normal conditions of stimulation, 
diminishes progressively the farther one proceeds from the very sensitive central 
area. There is, in fact, a gradient of epithelial sensitivity in this region, the peak 
of the gradient lying centrally, in the vagina, and the fall of the gradient being 
correlated with the extent of the sexual-skin area. Thus in the rhesus monkey the 
jBall is gradual, whereas in the green monkey, which has no sexual skin, only the skin 
of the vestibule and immediately adjacent areas seems to respond. In both species, 
however, the entodeimal (urogenital sinus) squamous response grades into the 
ectodermal (genital and circumgenital skin) squamous response, and no sharp 
distinction can be made between the two. 

(a) The relation of urethral changes in the male monkey 
to sexual-shin changes in the female 

There appears to be a relation between this finding and the variations wMch 
occur in the extent to which the urethral epithelium in male monkeys undergoes 
stratified squamous metaplasia as a result of oestrogenic stimulation (p. 237). 
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The extent of the change in different species correlates fairly closely with the 
degree to which the external genitalia and circumgenital skin of the corresponding 
females are sensitive to oestrogenic stimulation. Thus the pronounced changes 
occurring in the urethra of the male rhesus monkey, common macaque, and 
baboon, are reflexions of the marked changes that occur in the sexual skin of the 
females of these species. Again, the apparent absence of marked changes in the 
urethra of the male langur, the common marmoset, the capuchin, and man is 
reflected in the absence of any obvious oestrogenic changes in the circumgenital 
skin of the females of these species. The experimental data available do not, however, 
allow any wider generalmtion than that in species in which stratification of the 
male urethral epithelium has not yet been observed, the corresponding females 
have no external sexual skin; whereas in species in which the feniale has a sexual 
skin, stratification of the male urethral epithelium occurs. This generalization does 
not cover those exceptional cases where extensive urethral stratification occurs in 
the males of species in which the female does not exhibit any macroscopic sexual-skin 
changes. 

The part of the male urethra that was found to be sensitive in all species of 
primate that have been tested on the one hand corresponds to the region of Mullers 
tubercle in the embryo, and on the other to the opening of the vagina in the fully 
formed female. Its great sensitivity can thus be related to the corresponding 
sensitivity of an homologous region in the female. Similarly, the fact that the part 
of the primate male urethra above the level of the utricular mouth is generally 
insensitive to oestrogenic stimulation, may be related to the finding that the urethra 
of female monkeys, with which this part of the male urethra is homologous, is 
also, as a rule, insensitive. It may also be related to the likelihood that during its 
development this part of the male urethra incorporates epithelial elements from 
the Wolffian ducts (Frazer, 1935). It may be noted again in this connexion that, 
in monkeys, the urethral openings of the prostatic collecting ducts, which pre- 
sumably give the topographical relations of the embryonic prostatic tubules, are 
usually placed immediately below and above the mouth of the “uterus masculinus”. 
The fact that some of the glands arise from an insensitive part of the urogenital 
sinus is perhaps an added explanation for the insensitivity of the prostatic glands 
themselves (see p. 252). 

(3) TIk mammary ridges 

Thus far we have considered the gradient of oestrogenic response in only genital 
and circumgenital skin. Whether or not this gradient varies according to the stage 
of maturation of the sexual skin remains to be determined. Further problems that 
await investi^tion are (a) the possibfiity that a gradient exists at the cranial end 
of the body, in the skin of the head and in the epithelium of the stomadaeum, and 
(i) the relationship of ^e circumgenital skin gradient to the skin changes that occur 
under abnormal conditions over the trunk and legs, and of the latter changes to 
the changes that occur in the head. 

Further evidence of the occurrence of a gradient of oestrogenic sensitivity in 
ectodermal tissue can be found in the behaviour of the mammary ridges of the 
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embiyo. These reach on each side from the base of the hindlimb bud to the base 
of the forelimb bud. The number of separate glands and nipples that develop from 
them varies in different mammals. In some, nipples occur at regular interv-als along 
the mammary ridges all the way from the inguinal region to the axilla. In others, 
the mammary glands are restricted to the pectoral region, and in others again to 
the inguinal region. In the Cetacea, for example, the nipples are situated in slits 
on either side of the genital groove (vulva). 

In the female rat and mouse nipples are present in both the pectoral and inguinal 
regions. They cannot be recognized macroscopically in the males of these species. 
Nipples develop, however, in feminized genetic males (Greene et al. 1938a; 
Raynaud, 1939a), and Raynaud observes that it is the most caudal pair that is most 
frequently and best developed. This finding can be related to our observation 
that the most sensitive part of the sexual-skin area is the region closest to the 
central zone of the external genitalia. 

(4) The development of the urogenital sinus 

Whatever be the interrelations of the different ectodermal fields of oestrogenic 
sensitivity, it is clear that the vagina and male urethra on the one hand, and the 
genital and drcumgenital skin on die other, may be regarded as together constituting 
a single zone of sensitivity. According to accepted embryological doctrine, in 
which a sharp distinction is made between the different germ layers, the epithelium 
of this field of activity is derived on the one hand from ectoderm (skin) and on the 
other from entoderm (urogenital sinus). There is, however, an alternative view, 
which is examined below, that ectoderm also plays a part in the formation of the 
distal part of the urogenital sinus (see Frazer, 1931). This view certainly finds 
indirect support in the endocrinological evidence. It also harmonizes with the fact 
that the epithelium of the anal canal, which is derived from the proctodaeal in- 
vagination of ectoderm, closely resembles that of the vagina. This resemblance 
was remarkably clear in an abnormal rhesus monkey that possessed a recto-vaginal 
fistula (Sandys & Zuckerman, 1938), and a rectum which opened to the exterior 
by a normal anal canal. The fistula led into the posterior fornix. The epithelium 
of the fistula, and of the rectum over and distal to the cervix uteri, was stratified 
squamous, and was therefore presumably related to the ectodermal proctodaeum 
(the epithelium of the lower rectum in the rhesus monkey is normally glandular). 
Moreover, the epithelia of the “rectum”, the recto-vaginal fistula and the vagina 
were continuous, and in appearance identical. There was as much shedding of 
superficial comified epithelium in the lovrer rectum as in the vagina. It would seem 
reasonable to suppose that the three epithelia were related histogenetically. And 
since there can be no question that the proctodaeum is of ectodermal origin, the 
presumption in this case would be that the vagina was histogenetically related to 
the ectoderm. 

That ectoderm contributes to the formation of the vagina in the mole is 
indisputable (p. 242). Furthermore, recent studies by Bamstein & Mossman (1938), 
on the red squirrel (Tantiasdurus kudsonicus)^ and by Siddiqi (1937) on the ground 
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squirrel (Citellus tridecemlineatiis), provide the clearest evidence tliat the penile 
urethra and its bulbo-urethral and bulbar glands, which are generally believed to 
be of purely entodermal (urogenital sinus) origin, are in fact wholly, or almost 
wholly, ectodermal structures. Since the developmental changes described by 
these authors are closely similar to those described in other mammalian species, 
it is of interest to consider the details of the morphogenetic process so as to discover 
why one group of investigators regard the penile urethra as ectodermal, and another 
as entodermal in origin. 

The term urogenital sinus applies, strictly speaking, only to that part of the 
ventral division of the entodermai cloaca which lies caudal to the attachment of 
the Wolfiian and Mullerian ducts. It is separated from a very shallow ectodermal 
cloaca (which is bounded laterally by the genital folds, and in front by the genital 
tubercle) by the cloacal membrane. This latter structure is lined on its inner aspect 
by entoderm, and on its outer by ectoderm; in practice, however, it is usually 
described as consisting of “ a mass of epithelial cells in which it is almost impossible 
to distinguish its thickened ectodermal and entodermal components (e.g. Lewis, 
1912).^ Felix (1912) describes the ectodermal contribution to the membrane as 
being the richer, while most authorities are agreed that the membrane incorporates 
part of the primitive streak (e.g. Keibal, 1910; Pohlman, 1911 ; Lewis, 1912; Keith, 
1923; Frazer, 1931). 

As the genital tubercle develops into the phallus, the distal part of the urogenital 
sinus (para phallica) is usually described as being drawn-out in it. It is not, however, 
prolonged as a cavity with an open lumen, but as a “potential cleft” in the form 
of a supposedly double epithelial septum. This septum, to which, among others, 
the terms “cloacal septum” or “urethral plate” have been applied, is in every case 
continuous with the ectoderm on the under-surface of the genital tubercle. Some 
authors (e.g. Felix, 1912) believe that the whole of the pars phallica becomes 
occluded and transformed into a more or less solid septum. 

The further course of development of the urogenital sinus is different in the 
two sexes. In the human female, according to Frazer (1931), the pars pelvina of 
the sinus disappears o\ving to its invagination by the sino-vaginal bulbs, while the 
pars phallica opens to the exterior (presumably as a result of the breakdown of the 
ventral part of the cloacal membrane), and forms the vestibule. Koff (1933) agrees 
\vith this description, but Felix (1912) does not refer to the invagination, and accor- 
ding to him the destruction of the urogenital membrane (ventral part of cloacal 
membrane), along its whole length, opens the pars phallica and pars pelvina, through 
the orificium urogenitale primitivxim, to the exterior. With relatively little change, 
this opening becomes the vulval opening, the labia minora arising both from the 
margins of its ventral obliterated part (the “urethral groove”) and from the mar gins 
of its dorsal part, which remains permanently open. According to Felix the 

^ If the doaca is regarded as the inteimediate zone between external <«Hn and urogenital sinus, 
it is of interest that the reaction of the lizard doaca to oestrogenic stimulation is the same as t ha t 
of the manunalian vagina (Dantchakoff, 1938 b, e). The doaca in these gnimiilB is of a veiy simple 
kind, and both ectodermal and endodertnal donents play a part in its formation. Throughout its 
extent it undergoes marked squamous metaplasia in response to oestrogenic hormone. 
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vestibule is formed by both tlie pars phallica and pars pehina of the urogenital 
sinus. 

As in the female, the pars phallica of the male, through a breakdown of the 
urogenital membrane, first opens to the exterior. The opening is then closed, by 
fusion of the genital folds, from behind forwards, and the urogenital sinus is thus 
carried forwards to the tip of the developing phallus.^ Descriptions vary, but it is 
usually suggested that the more proximal part of the pars phallica has a lumen, 
and that the “potential cleft”, referred to above, exists only in the very distal part 
of the phallus. In the glans this “potential cleft” (which is the “cloacal septum” 
or “urethral plate”) also breaks down and opens to the surface, and then fuses 
again, from behind forwards, to carry the meatus to the tip of the phallus. 

The problem that has to be considered here is whether the entire urogenital 
sinus is laid down from the beginning, as Felix maintains, as an entodermal 
structure, or whether the pars phallica, especially the part which forms a solid 
urethral plate, is a later ectodermal derivative. 

It is perfectly obvious that a process by which the penile urethra is formed 
through fusion of the genital folds makes it possible that this part of the urethra 
incorporates ectodermal elements from the ectodermal cloaca. This very real possi- 
bility acquires considerable force in view of Bamstein & Mossman’s clear demonstra- 
tion that the urethral plate in the squirrel is not a distal extension of the pars 
phallica of the sinus, but a derivative of the ectoderm of the under-surface of the 
phallus. The plate, from which Cowper’s glands are derived, separates from the 
surface ectoderm, and is canalized from behind forwards to form the whole of 
the penile urethra. Siddiqi’s study of the ground squirrel also makes it perfectly 
clear that in this species tJie distal part of the urogenital sinus is represented by 
a solid cord, to which a mass of cells, derived from the ectodermal cloaca, becomes 
opposed. This ectodermal mass of cells canalizes, and later the hinder entodermal 
urethra opens into it From this ectodermal ingrowth there are finally formed the 
bulbar glmd, the bulbo-urethral glands, the penile duct, and the part of the penile 
urethra distal to the opening of the penile duct. Comparison of this process of 
development with the process of urethral development as normally described for 
man, led Siddiqi to the view that “the proximal two-thirds of the mucosa of the 
dorsal port of the human penile urethra is entodermal in origin, while the bulb 
of the urethra, the floor of the proximal two-thirds, and the whole of the terminal 
third of the penile urethra are ectodermal in origin”. 

Felix’s authoritative account of the development of the urogenital sinus appeared 
in that standard work of reference, Keibal & Mall’s Human Embryology. Felix had 
not, however, wodted on the problem himself. In presenting their own observations, 
Bamstein & Mossman point out, mth obvious justification, that few embryologists 
have been prepared to dispute Felix’s vigorous statement that the whole of the 
urogenital sinus, fix)m the time it is first laid down until its transformation into 

^ It may be noted that Felix believes that the ostium utogenitale does not fuse from behind 
forwards, but that it is “passively’* cani«l forward to the base of the gians, by “active” growdi in 
more proximal regions of the penis (the iegi<m of the pais pelvina). 
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definitive organs, is an entodermal structure. This hesitation to tilt with authority 
has obscured the fact that there must always be considerable difficulty in deciding 
the cellular origin of the urethral plate. Thus, although it is “continuous with the 
ectoderm of the tubercle” in the white mouse, Hall (1936) nevertheless subscribes 
to Felix’s view that it is of entodermal origin, and that it is formed by the fusion 
of the lateral w'alls of the pars phallica. This process of fusion does not, however, 
appear to have been observed, whereas it is obvious that “the extension of the 
cloacal cavity in the tubercle”, which Hall regards as supporting Felix’s opinion, 
as readily supports the more recent view of Bamstein & Mossman. The same 
difficulty applies to the problem of the formation of the urogenital canal in marsupials. 
The form of the urethral plate appears to be the same in these animals as it is in 
Eutherian mammals, and it is also “continuous with the ectoderm of the tubercle”. 
Yet like Felix, Buchanan & Fraser (1918) regard it as formed entirely by the 
compression, and subsequent fusion, of the lateral walls of the most ventral and 
distal part of the urogenital sinus. From the text-figures provided, however, it 
seems as likely that the walls of this part of the sinus were in fact ectodermal in- 
growths. Furthermore, the union of the entodermal and ectodermal cloacae after 
die breakdown of the cloacal membrane provides an obvious opportunity in 
marsupials for the infiltration of ectoderm into the tissues of the distal part of 
the urogenital tract. 

It is perfectly plain that in making his choice between the embryological view 
that the urethral plate is an ectodermal structure, and the view that it is derived 
from the entoderm, the student interested in the reactions of tissues to oestrogenic 
stimulation can be confident that the criteria which decide this issue for the 
embryologist are no less arbitrary and subjective than those which operate in 
embryological discussions of the origin of the vagina. It is also clear that the 
embryological evidence already available leaves little doubt that at least the distal 
part of the urogenital sinus is histogenetically related to the ectoderm. Speculation 
about the extent to which the latter plays a part in the formation of the sinus is, 
however, idle, but it is not without significance that the floor of the urogenital 
sinus is the ventral part of the cloacal membrane. This membrane, as noted above, 
incorporates in its development the primitive streak, a structure which is homo- 
logous with the blastopore of lower amniota and anamnia. Both the primitive 
streak and blastopore are regions of intense proliferative activity, and both are the 
main focal points in the early organization of the developing organism. It is in 
this region of the early embryo that cells stream in from the surface to deeper 
structures. Although these processes relate to the first stages of embryonic life, 
it is therefore necessary to bear in mind both the fact that the region which in the 
mature organism represents the cloacal zone of the embryo is a region which in 
an earlier phase of its history was the centre of the formative movements of the body, 
and the possibility that its potency and plasticity are not completely lost in later 
stages of development It may be, therefore, that there is as much a tendency for 
the distal ectodermal components of the urogenital sinus to impress their rhanrtf^r 
on more proximal entodermal tissue, as there is for sinus epithelium to invade 
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structures which come into contact with it. One further connexion bet^v'een the 
blastopore and the cloaca! region which may be noted at this point is the fact that 
the organizing substance of the blastopore region is in all likelihood related 
chemically to the oestrogens (Waddington & Needham, 1935 ; Needham, 1936 ), 
and that it is in the urogenital sinus that the latter class of hormones finds its most 
sensitive zone of response. 

Whatever be the further significance of these various considerations, it is plain 
that the participation of ectoderm in the formation of the distal part of the sinus 
can be related anatomically to the single gradient of oestrogenic response that is 
constituted by the reactions of urogenital sinus deri\’atives and drcumgenital skin. 


V. CONCLUSION 

The facts that have been brought together in this paper show quite clearly 
that although there are sharp developmental distinctions between various urogenital 
tissues that respond to oestrogenic stimulation, the embryological components of 
the urogenital system intermix, during development, at their points of contact. 
Thus the caudal ends of the mesodermal Mullerian and Wolffian ducts are invaded 
by epithelium from the primarily entodermal urogenital sinus, and the caudal part 
of the sinus, in turn, is infiltrated with ectodermal cells from the cloacal region. 
This conclusion conflicts with older embryological views. 

There is this, however, that can be taken over from more conventional embryo- 
logical teaching. Specific t3rpe8 of response to oestrogenic hormone do appear to 
belong to tissues ti^t are derived from distinct embryological sources. Thus in 
monkeys the epithelium of the Fallopian tubes and corpus uteri, which apparently 
develops solely from Mullerian epithelium, responds altogether differendy from 
the epithelium of the urogenital sinus. This fact suggests strongly that where the 
typical proliferative reaction of an organ like the uterus alters as a result of abnormal 
oestrogenic stimulation in the direction of the sinus response, a possible cause of 
the change, regarded anatomically, is an increased infiltration by epithelial elements 
whose normal behaviour it is to respond in that “abnormal” way. The vagina, 
although doubtlessly laid down as a MfiUman structure, is in its definitive condition 
almost certainly lined by epithelium ultimately derived from the urogenital sinus. 
The region where its mucosa meets that of the uterus is an unstable zone of tran- 
sition, and an excess of oestrogenic stimulation leads to the proliferation of the 
vaginal type of epithelium, first in the cervix, and then, in some mammalian types, 
throughout the uterus. This reaction is no different from the corresponding one 
which the same stimulus would induce, for example, in the distal part of the 
ejaculatory ducts, which belong to the Wolffian system, for all points of contact 
of urogenital sinus epithelium and of epithelium belonging to the WoUBEan and 
Miillerian systems may be r^arded as zones of potential epithelial change. As 
has already been point^ out, the fact that progressive “metaplasia” does not occur 
in these organs under normal conditionB indicates that the stimulus necessary for 
the continued proliferation and encro^diment of stratified squamous epithelium 
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is usually lacking. Presumably, too, the fact that it is not the normal glandular 
uterine epithelium which spreads to the vagina to some extent supports the view, 
emphasized in a different connexion by Loeb et al. (1938), and established by 
Marrian & Parkes (1930), that the sensitivity of the endometrium to oestrogens, 
as denoted by proliferative activity, is weaker than that of the vaginal mucosa. 
On the other hand, the original “glandular” character of a metaplastic squamous 
area will reassert itself more and more as the strength of the oestrogenic stimulus 
wanes. 

These considerations are not advanced as any hard and fast rule. They are 
only the basis of a working hypothesis that stratification in the reproductive tract 
in response to oestrogenic stimulation may in general be regarded, from the 
anatomical point of view, as a primary response of tissue in whose development 
sinus epithelium, either directly or indirectly, has played a part. And it must again 
be emphasized that stratification of epithelia which are not normally stratified does 
not necessarily imply the occurrence of “metaplasia” in the true sense of the term. 
Thus the stratification which occurs in the “uterus mascuUnus” and urethra of 


male monkeys as a result of oestrogenic stimulation can no more be described as 
a metaplastic process than could the stratification which a similar stimulus induces 
in the involuted vagina and vestibule of a spayed female monkey. 

It should also be pointed out again that many tissues that are derived from 
apparently sensitive regions of the urogenital sinus are themselves insensitive to 


oestrogens. This indicates that histogenetically related tissues may specialize dif- 
ferently. Such specialization is also shown, in the case of ectodermal structures, 


by the fact that both feathers and mammary glands respond to oestrogens differently 
from other ectodermal derivatives. The possibility of specialized reactions is also 


indicated by the vaginal mudfication that occurs under certain conditions of endo- 


crine stimulation, although whether this process is metaplasia, or whether it repre- 
sents the proliferation of dormant “mudfying epithelium” (Freud, 1937) cannot 
as yet be determined. 


Wood (1936) has remarked that “a broad theory of metaplasia by breaking down 
all histological boundaries, really explains nothing, but merdy avoids the problem ”, 
While metaplasia may, therefore, occur in the reproductive tract, the facts that 
have been brought forward in this article are a clear warning against the too-ready 
acceptance of the behef that the process has taken place wherever squamous 
epithelium is abnormally found in the urogenital tract as a result of oestrogenic 
stimulation. Furthermore, besides indicating what is plainly a valuable endocrino- 
logical approach to embryological problems, an approach that can avoid certain 
disputes over histological interpretation, the analysis followed also bears on problems 
of human pathology. Thus the fact that adeno-carcinoma is the usual type of cancer 
which affects the body of the uterus, whereas squamous carcinoma is the typical 
cervical cancer, is obviously related to the degree of involvement of squamous 
epithelium in the development of these two regions of the uterus. Furthermore, 
the fact that squamous cancer is extremely rare in the body of the uterus whereas 
it occurs relatively frequently in the uncommon disease of cancer of Bartholin’s 
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glands (Rabson & Meeker, 1938), may also be associated with the closer develop- 
mental relationship of the latter organs to the urogenital sinus. It is also of interest 
that while primary carcinoma may occasionally occur anywhere in an otherwise 
normal prostate, it most commonly starts in the posterior lobe (Ferguson, 1932), 
the only lobe of the prostate that is entirely derived from the sensitive region of 
the urethra immediately below the openings of the Wolflian and Mullerian ducts. 
And as a last instance of the pathological bearing of the issues that have been raised, 
it may be noted that the very oestrogen-sensitive fibro-muscular tissue which is 
derived from the intermediate cell mass and genital cord is frequently the site of 
fibromyomatous growths, which, it has been argued (Witherspoon, 1935, 1936), 
are themselves the product of abnormal oestrogenic stimulation. 

The analysis that has been pursued in this paper, by concentrating on develop- 
mental relationships, has thus succeeded in reaching a working hypothesis which 
appears to relate many, if not most, of the known proliferative effects of oestrogenic 
stimulation. The analysis permitted by the available facts cannot, however, as yet 
extend beyond the scope of Burrow’s definition of the field of oestrogenic sensitivity 
(see p. 240). His statement indicates a functional aspect of the problem. Its more 
complicated anatomical aspect has been emphasized here. Many of the anatomical 
problems that require investigation are obvious. From the developmental point 
of view they apply as much to the epithelial interrelations of die stomadaeum and 
foregut, as they do to the epithelial relationships of the caudal end of the body. 


VI. SUMMARY 

1. Oestrogens stimulate growth not only of the epithelial and fibro-muscular 
tissues of the male and female urogenital tracts, but also of certain non-reproductive 
tissues (e.g. skin, nasal mucosa, gums). Under normal physiological conditions 
oestrogenic sensitivity manifests itself histologically both in the orderly proliferation 
of cylindrical secretory cells (for convenience this response is referred to as '*glan- 
dul^”), and in the proliferation, comification and desquamation of stratified 
squamous epithelium (for convenience called “squamous response”). 

2. In the main the glandular response is confined to tissues (e.g. uterus, hydatids 
of Morgagni) which are undoubtedly derived from the Miillerian duct. The 
squamous response, on the other hand, occurs in tissues which are stated to be 
derived from the Miillerian and Wolffian ducts, the urogenital sinus (entoderm) 
and the «kin (ectoderm). 

3. Presumed Mullerian tissues (e.g. uterus and vagina) are thus capable of 
both the glandular and squamous types of response. Examination of the embryo- 
logical evidence on the developm^t of the vagina in various species, and of evidence 
derived from the study of natural and experimental intersexualily, suggests, however, 
that the vaginal epithelium is ultimately derived from the urogenital sinus. It is 
likely that in cases where the Mullerian ducts contribute to the development of 
the upper part of the vagina, the Miillman epithdium is as a rule finally replaced 
by sinus epithelium. 
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4. It is suggested that true Mullerian tissue responds to oestrogens by glandular 
proliferation, and that epithelial metaplasia and stratification in the reproductive 
tract in response to oestrogenic stimulation, whatever be its histochenaical basis, 
may in general be regarded anatomically as a primary response of tissue in whose 
development oestrogen-sensitive sinus epithelium has either played a direct or an 
indirect part. 

5. The process of metaplasia whereby the squamous response spreads to parts 
of the urogenital tract in which it does not normally appear is examined. The points 
at which the glandular epithelium of organs opening into what was originally the 
urogenital sinus meets squamous epithelium derived from the sinus are unstable 
zones of transition, and even in normal circumstances there may be a tendency 
for stratified squamous epithelium to replace epithelium which is normally cylin- 
drical (in the same way as the originally Mullerian vaginal epithelium appears to 
be replaced during development by cells from the urogenital sinus). This tendency 
is increased under the influence of oestrogenic stimulation. 

6. Derivatives of the oestrogen-sensitive sinus may themselves be insensitive. 

7. The changes which oestrogens produce in the genital and drcumgenital 
skin of monkeys may he regarded as the peripheral part of a total oestrogen-sensitive 
epithelial zone. The most sensitive part of this zone in the female is the vagina, 
and to some extent, the response, under normal conditions, diminishes progressively 
the further one proceeds from the very sensitive central area. 

8. In species of monkey in which the female has a sexual skin, oestrogenic 
stimulation causes stratified squamous proliferation of the male urethral epithelium. 
In male monkeys in which stratified proliferation of the urethral epithelium has 
not been observed, the corresponding females have no Vernal sexu^ skin. 

9. Ectodermal elements appear to be involved in the development of the caudal 
part of the urogenital sinus. 

10. It is therefore concluded that although there are developmental distinctions 
between various urogenital tissues that respond to oestrogenic stimulation, the 
embryological components of the urogenital system intermix, during development, 
at their points of contact. Thus the caudal ends of the mesodermal Mullerian and 
Wolflkn ducts are invaded by epithelium from the primarily entodermal urogenital 
sinus, and the caudal part of the sinus, in turn, is infiltrated with ectodermal cells 
from the cloacal region. This represents a morphogenetic reflexion of the fact that 
the oestrogemc responses of the circumgenital and genital skin grade, without any 
sharp interruption, in the female into those of the vagina, and in the male into those 
of the urethra, and that the responses of these two organs in turn may extend into 
organs which open into them. 
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ADDENDUM 

It was stated on p. 23 5 that the metaplastic eflFects of oestrogens in the reproductive 
organs of rats are less marked than in mice. A recent paper by E. M. Hume et al. 
(J. Path. Bact. 1939, 49 , 291) shows, however, that if oestrogenic stimulation in rats 
is combined with partial deprivation of vit amin A, metaplastic changes in the 
urogenital system become much more pronounced and extensive. Under these 
conditions metaplastic changes also occur in the thyroid, trachea and intrapulmonary 
bronchi, “but these changes occurred in about the same degree and with much the 
same il^quency in the groups on — A diet alone as with additional administration of 
oestrogens”. Nevertheless, their occurrence under these conditions would seem to 
provide a useful technique for studying the epithelial relations of the cranial end of 
the body (see pp. 256 and 263). 

It was also stated onp . 23 5 that histological observations on the effects of oestrogens 
on the nasal mucosa have not been published. S. Soskin & L. B, Bemheimer 
(Proc. Soc. eoep. Biol., N.Y., 1939, 42 , 223), in another very recent paper, imply that 
the effects are not proliferative, but are mainly, if not entirely, hyperaemic. 
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Other noteworthy observations on the effects of oestrogens reported during the 
period this paper was going through the press were as follows: R. Tislowitz {Anat. 
Rec, 1939, 75 , 265) has provided a clear demonstration of the growth induced in the 
fibro-muscular stroma of the prostate and seminal vesicles of mice (see p. 235). 
S. R. M. Reynolds & F. I. Foster {Amer. J. Physiol. 1939, 126 , 606, and J. cUn. 
Invest. 1939, 18, 649) have published further data dealing with the question of the 
generalized vascular effects of oestrogens (see p. 232). A striking finding, which bears 
more closely on the question of the histogenesis of tissues sensitive to oestrogens, is 
that the pouch as well as the mammary glands of the marsupial Trickosurus vulpecula 
grows under the influence of oestrogenic stimulation (A. BoUiger & A. Carrodus, 
Nature^ Lond.^ 1939, 144 , 1049). pouch muscles hypertrophy, while growth of 
the pouch skin is associated with the secretion of a deep orange pigment that stains 
the hairs of the region. 

The homology of the “primary-primordia” of the manunary glands of inarsupials 
with the “milk-streaks** — ^the precursors of the milk-lines — of foetal Eutherian 
mammals was established by £. Bresslau (TAe Mammary Apparatm of the MammaUa, 
1920. London: Methuen). The sensitivity of the marsupial mammary gland to 
oestrogenic stimulation thus corresponds to that of the Eutherian mammary gland. 
Two views are possible about the seimtivity of the pouch. The first follows from 
Bresslau*s belief that the pouch is formed during development by the confluence 
of several marsupial pockets, each of which contains a nipple. The contiguous walls 
of the separate pockets flatten out, while the outer walls of the most peripheral pockets 
remain as the wall of the definitive pouch. According to this analysis the marsupial 
pouch is a derivative of the manunary apparatus, with which its sensitivity to 
oestrogens could therefore be associated. 

The alternative view is that the marsupial pouch is the homologue of the scrotum 
(D. Berry Hart, J. Amt. Physiol. 1909, 44 , 4). Berry Hart points out that rudi- 
mentary pouch folds occur in some male marsupials, but these he regards as “merely 
the folds after the scrotum has separated from its epidermis bed*’. He also holds 
that the genital skin zone in primates (e.g. the labia majora and the scrotum) is 
phylogenedcally related to the suprapubic region in whic^ the marsupial scrotum 
or pouch develops, and he emphasizes a developmental connexion between the 
caudal part, and what would seem to be the origin, of the whole mammary line and 
the genital zone. If these suggested relationships are true, the very interesting 
condusion follows that the oestrogenic sendtivity of both the marsupial pouch and 
the whole mammary apparatus are linked developmentally with that of the 
drcumgenetical skin. 
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I. INTRODUCTION 

Le but dc cet article est de d6crire les progr^ r^cents de la chimie des pigm^its des 
Invertibr^ et les notions biologiques nouvelles qui en r&ultent. Nous n’avons pas 
voulu raumdrer tous les pigments ddcrits plus on moins exactement dcpiiis plus de 
cent ans. Nous decrirons avec plus de details certaines matiires nouvelles, pour 
lesquelles il n’existe pas encore de revue d*en8eiiible(quinones, p^ments pyrroliques, 
pterines). Pour des pigments bien connus, comme les carotdnoldes et les flavines, 
nous nous contentons de completer des revues andennes. 

Nous avons exdu de cette revue 1 ^ pigments respiratoires qui ont fait le sujet 
de beaucoup d’artides de revue (Barcroft, 1925; Re^eld, 1933; Bigwood, 1935; 
Florkin, 1934 a, 1934 Roche, 1936). 

Les ouvrages de Fiirth (1903), Samudy (1911), Verne (1926), Bergmann (1933), 
Fischer & Orth (1937) nous ont beaucoup servi pour la pr6paration de cet artide. 

L’adsorption chromatographique a b^ucoup facility Tdtude des pigments au 
cours des demi&res anndes ; pour des details sur cette mdthode voir Lederer (1939 a), 
'Willslidt (1939) et Zechmeister & Cholnolqr (1937). 
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II. CAROTfiNOlDES 

Nous ne traiterons id que des r^sultats importants acquis depuis 1938. De 
nombreux articles de revue et des monographies dicrivent la chimie et la biochimie 
de ces corps (Karrer, 1932 ; Lederer, 1934, 1935, 1938 a, 6; Zechmeister, 1934, 1937). 

L’instabilit^ des carotenoides, mise r^cemment en 6vidence, rend leur 6tude 
extrfimement ddicate. Des carotdioides parfaitement homog^nes gard^ pendant 
quelque temps en solution, s’isomdisent spontan(§ment (Zechmeister & Tuszon, 
^ 93^5 Gillam & El Ridi, 1936; Gillam et al. 1937). Cette isomdisation est plus 
rapide k temperature devde ou en presence de traces d’iode (Zechmeister & Tus2on, 
1939)* plus Taction d’addes dilues transforme le carotdie en un melange de 
quatre ou dnq pigments nouveaux (Quackenbush et al. 1938). Enfin Kuhn & 
Sorensen (1938) ont decrit un carotenoide qui s’oxyde rapidement k Tair en solution 
alcaline (voir d-dessous). Ces travaux prouvent la grande reactivite de la chaine 
polyenique des lipochromes. 

L’irradiation d*une suspension de gamfetes de CMamydomonas eugameios pro- 
voque d’abord la formation de cils, puis la copulation. Une goutte d^une suspension 
irradiee dedenche le meme phenomdie dans une suspension gard6e Hnup Tobscurite ; 
il y a done formation d’un ou de plusieum corps dont la pr^ence est indispensable 
li la reproduction de ces organismes. Kuhn a/. (1938) ont constatd les faits suivants: 
1^ dls des gametes, immobiles d’abord, deviennent mobiles en presence d’un 
pigment hydrosoluble qui n’est rien d’autre que la crodne (digentiobioside de la 
croc^tine, I). En continuant Tirradiation, ce sont d’abord les gametes femelles qui 

H0CK2.O=CH— CH==CH-C=CHM:HM:H— CHM>-CH==CH--CH==C--C(X)H 

cH. ciH. (Ih, in. 

I. Croeddne 

devierment aptes k la copulation, puis les gametes inMes. Ce ph6nomdie doit fitre 
attnbu^ ^ deux “facteurs de copulation” form^ par irradiation de la crodne; ce 
ne sont^pas des^corps homogtees, mais des mdanges de deux corps dont Tun se 
forme d abord, Tautre ensuite. Le premia* est identique ^ un ^ther (dim^thylique ?) 
de la ds-crocitine, le deuxiime k un Aher de la irans-crocStine. Un mdange de trois 
parties d’^ther cu avec une partie d’dher troais rend les gametes femelles aptes k la 
copulation, tandis que le melange inverse provoque les mfimes effets chez les gametes 
mdles. Nous obseryons id une nouvdle action biologique des carotenoides et en 
m&ne temps de cuneuses relations entre action biologique et configuration sterique 
(voir aussi Moewus, 1939). 

Cette action des carotenoides sur la reproduction ne s’observe peut-fttre chez 
aucun Invertebre, mais le contraire est plus probable; nombreux sont, en effet, les 
CEufs ou les glandes sexuelles des Invertebr68 contenant des carotenoides (par 
exemple: Fecten maxmus, Pectuncuhts glycymmSf Paracentrotm Uvidus (Lederer, 
i938A)~pour Astacus gammarusj voir d-dessous). 

Astaxatahine et oao/aerdine. Kuhn & SSrensen (1938) ont trouve que “Tester 
hypophasique” de Tastadne ("ovoester ”) isoie par Kuhn & Lederer (1933), k partir 
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des ceufs de Homard, n’est paa un eater, mais une xanthophylle CjjHgjOj avec deux 
groupes OH et deux groupes — CO (II), qui se transforme par oxydation en milieu 
alcalin en astacine C40H43O4 (III). Pour la constitution de Tastacine voir Karrer & 
Benz (1934), Karrer & Loewe (1934) et Karrer et al. (1935). Cette xanthophylle 
s’appelle dor^navant “ astaxanthine L’ester ^piphasique de I’astacine de la carapace 
et de Thypoderme du Homard est en v&it 4 un ester de Tastaxanthine qui s*oxyde 
au cours de la saponification pour dormer de I’astacine (III). L’astacine ne serait 
done pas un pigment naturel, mais r&ulterait d’une d^shydrog^nation de I’asta- 
xanthine. 


H,C CH. 
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H,C CH, 
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IV. Ovovetdine 


A I’abri de Pair, I’astaxanthine doime un sel de potassium bleu fonc6 ayant une 
constitution diinolique. Sa couleur rappelle celle de Vovoverdine, pigment bleu- 
vert, hydrosoluble, dM oeufe du Homard. L'ovoverdine aurait, selon Kuhn & 
SSrensen, la constitution (IV). La prot6ine est life avec le difeol de Pastaxanthine 
sous forme d’un sel et en outre par des valences partidles. 

Peu avant, Stem & Salomon (1938) avaient feudid les proprifefe de ce chromo- 
protwde et soulign6 les analogies qu’il prfeente avec le pourpre visuel rfeinien des 
Vert6brfe. Wyckoff (1937) a mesur^ sa constante de siStfimentation qui indique un 
poids molfeulaire de 300,000. D’aprfe Stem & Salomon, une molfeule d’ovoverdine 
contient une molfeule de carotdnoide. D’aprfe Kuhn & Sdrensai, le poids mol6- 
culaire de Povoverdine ne serait que 144,000 (dfeennin6 par voie chimique). 
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Stem & Salomon ont mis en Evidence une dissociation thermique reversible de 
Tovoverdine. Une solution verte chauffee k 70° vire au rouge; apris refroidisse- 
ment la couleur verte de ce chromoproteide rdapparalt. 

n existe chez des Anemones de mer des pigments ressemblant i I’astaxanthine, 
mais dont la bande d’absorption, mesuree apr^s saponification, c’est-^-dire apr^s 
oxydation est decaiee un peu vers le bleu par rapport k celle de I’astacine. Heilbron 
St al. (1935) en ont trouve dans Actinohha dianthus (495 m/t. dans CS2, p. f. 19^°) 
et dans TediafeUna (500 m/i. dans CSg, p. f. 208°), et Fox & Moe (1938) en ont 
decrit dans Epiactis proUf era avec une bande egalement k 500 mix. (dans CS2). La 
bande de Tastacine est ^ 510 m/x. dans CSg. 

La decouverte de la vraie nature de I’astaxanthine rend encore plus probable 
sa formation k partir de la taraxanthine, 040115^04 discutee par plusieurs auteurs 
(Burkhardt et al. 1934; Fox & Moe, 1938; Lederer, 1938 a). 


III. QUINONES 

(1) Naphtoquinones (pigTnents d'Oursins) 

MacMunn (1885 a) a observe que les dlaeocytes du liquide pdrivisceral des Our- 
sins, Strongylocentrotus UuduSy Amphidotus cordatusy Echinus esculentus et E. sphaeray 
contiennent un pigment rouge qu’il appela kJdnochrome. Ce corps 6tant d^colore 
par des agents r^ducteurs, il lui attribua des fonctions de pigment respiratoire. 
Griffiths (1892 a) pr^end avoir obtenu de rhaematoporphyrine et de I’hdmochromo- 
gtee par hydrolyse du pigment. Plus terd, McClendon (1912) a trouv^ le mfeme 
pigment dans les ^laeocytes, les ceufs et le test de I’Oursin, Arhacia punciulata. 
Le premier, il en obtint des cristaux. II n’a pas pu confirmer le r6le respiratoire ni 
la presence de fer et a reconnu la nature acide du pigment. Cannan (1927) a trouv6 
que I’hydrosulfite ddcolore I’^chinochroine et a mesur^ son potential d’oxydo- 
r6duction (potentiel normals 0*1995 volt; —0*230 volt kpYi 7 d’apr^ Friedheim, 
1933). Ni lui, ni Cook (1928) n’ont confirm^ I’absorption d’osygfene par Tdchino- 
chrome. Ce pigment se trouve cependant dans le sang d'EcMmis k I’^tat r6duit, 
tandis qu’il est k I’^t oxyd6 dans les aufs et le test d'Arbacia. Vlks & Vellinger 
(1928) ont 6tudi6 les changements de couleur et de spectre d’absorption k diff^rents 
de l*6chinochrome (“arbacine”) ^dxait des oeuffi di Arhacia aeqidtuberculata. 
Leur pigment Mt orangd k pK 2*4-3*o, violacd de 4 k 7 et jaune k partir de pH 8. 
Ils pr^conisent I’emploi de ce pigment comme indicateur de pH intracellulaire et 
concluent que le pH de I’ceuf d* Arhacia est de I’ordre de 5*5 ± 0*3. 

Ball (1936), puis Lederer & Glaser (1938), ont isol^ l’ 4 chinochrome des ceuffi 
d' Arhacia aeguituberculata k I’^tat cristallisd et ont 6tabli sa formule bmte, C12H10O7. 
Le m&ne pigment se trouve dans les 4 pines et le test de Paracentrotus Uvidus 
accompagnd d’un autre pigment, plus foncd, appel^ spinockrome. En 1939, 
Glaser & Lederer ont d^t plusieurs d^& rndthylfe de I’^chinochrome et du 
spinochrome et ont ^di6 la distribution de ces deux corps et de quelques autres 
pigments analogues qui les accompagnent. L’int&^t de ce groupe de pigments 
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naturels s’est consiclcrablement accru par la d^couverte de Hartmann et al. (1939) 
que rechinochrome secret^ par les oeufs murs d*Arbacia pustidosa active les mouve- 
ments des spermatozoaires et les attire vers roeuf. Kuhn & Wallenfels (1939) ont 
etabli sa constitution chimique. C’est une 2 6thyle, 1 14 naphtoquinone portant cinq 
groupes hydroxyles occupant toutes les places libres du noyau naphtal6nique (V). 


O O 



V. £dbinochrome 


Kuhn & Wallenfels proposent d’appeler les pigments des oeufs d’Oursins 
“6chinochromes” et les pigments des epines “spinochromes** en ajoutant des lettres 
majuscules comme sufiixe pour indiquer Tesp^ce dont le pigment a 6t6 prepare. 
Us appellentle pigment des oeufs d'Arbada “^chinochrome A” et celui des opines 
de Paracentrotus “spinochrome P”. Nous ne voyons pas la ndceasitd d’appliquer 
cette nomenclature compliqu6e qui eat d’autant moins justifide que rechinochrome 
et le spinochrome sont des pigments tr^s bien ddfinis et faciles k caracteriser. Nous 
continuerons done, d’accord avec Monsieur P. ICarrer, d’employer les noms 
echinochrome et spinochrome sans suffixe. 

£chinochrome. Apris extraction par I’^tone ou de I’alcool adduld on fait passer 
le pigment dans Pether ethylique, d’oh on Pextrait avec une solution de bicarbonate, 
gnlce k ses fonctions phenoliques; apr^s acidiheation, on le reprend par I’ether et 
le purifie ensuite par adsorption chromatographique sur le carbonate de calcium et 
par sublimation dans le vide pouss6 (Lederer & Glaser, 1938). 

L’tehinochrome cristallise sous forme d’aiguilles rouge fonce groupees souvent 
en rosettes et fondant k 220°; son spectre d’absorption pr^sente trois bandes situ^es 
4 526, 490, 456 mfi. (CHCI3). Les cristaux sont fadlement solubles dans Talcool, 
I’ether, I’ac^tone; insolubles dans I’^ther de petiole et dans Peau. L’^chinochrome 
a quatre atomes d’hydrogdie mobiles dont deux sont acides. 11 donne avec le 
trichlorure de fer une forte coloration vert-brune. 

La constitution chimique ressort des eiqp^riences de Kuhn & Wallenfels (i939)< 
La distillation sur la poudre de zinc donne du naphtal^ne et Pacdtyladon reductive, 
un ddiv6 heptac6tyl6 du leuco-dchinochrome (VI). Le groupe 6thyle forme de 


caEi,coo 

/ 
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VI. Hepta-acftyl-leuco-&hmo(iiroaaae 
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Tacide propionique par oxydation chromique. L’^chinoclirome lui-incine serait 
represent^ par les deux 1 .‘4 naphtoquinones en 6 qmlibre (V), 

Lillie (1919) a montr^ Hans une s^rie de menioires que I’ceuf miir excrete des 
substances qui provoquent I’activation et I’ agglutination des spermatozoides. (Pour 
les details de sa th^oiie de “fertilisine”, voir Just, 193®*) Eillie savait d 6 ji que le 
corps provoquant I’agglutination n’est pas identique ^ celui qui provoque I’activation 
et I’attraction. Ceci a hti confirm^ par Hartmann et al. (1939) qui identifient 
le dernier corps avec I’echinochrome. Sa presence serait d^celable une concen- 
tration de I k 20 milliards. D’apr^ Kuhn & Wallenfels (i 939 ) Pcchinochrome 
catalyserait certaines reactions chi^ques chez le spermatozoaire. Tyler (1939) 
pu constater aucun effet de l’ 6 chinochrome sur la respiration des oeufs et des 
spermes de Strongylocentroius. 

Les pigments du groupe de r^chinochrome sont les premiers derives de la 
naphtoquinone trouv^s chez des animaux. Des recherches d’un autre domaine 
apportent en mfeme temps une lumi^re nouvelle sur I’importance des naphtoquinones 
dans la vie des animaux. Nous pensons aux nombreux travaux r^cents sur la vita- 
mine K (antih^morragique). La vitamine K, elle-mfime, serait d’apr^s Corquodale 
et al. (1939) une 2 ^thyle, 3 phytyle, i *.4 naphtoquinone (VII). Voir aussi Karrer & 
Geiger (1939). L’6chinochrome n’agit pas comme vitamine K (Kuhn et al. 1939). 



CiH, 


CHr-CH?=C— CH,CH,CH,CHCHaCH,CH,CHCH,CH,CH,CHCH, 
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VII. VitammeKi 


Spitwchrotne. Les epines violettes de Paracentrotus Uvidus contiennent un 
pigment rouge fonce que nous avions obtenu ^ I’^tat cristallisd il y a quatre ans 
(voir Lederer, 19386). Moore (1937) mentionne un travail non public de Stem qui 
a isol6 des cristaux de ce pigment qu’il appelle dchinombine. Lederer & Glaser 
(1938) ont sdpard ce pigment par adsorption chromatographique, en 6chinochrome 
et en spinochrome, pigment plus fonc^ et moins facile ^ cristahiser; on le purifie 
d’aprfes les mithodes iprouv6es pour I’^chinochrome. 

Le spinochrome ctistallise 6 partir d’dther acdtique sous forme de priames violet- 
fonc^, presque noire qui fondent vers 185° et qui pr&entent trois bandes d’absorption 
situ^ i 581, 538 et 496 ra/A. (dans CHCy. Us sont moins solubles que ceux de 
I’echinochrome. Le spinochrome est acborb6 sur la carbonate de calcium en une 
zone bleu-violetteau-dessus de la zone brune d’6chinochrome(voirau88i Tyler, 1939). 

La formule brute du spinochrome est CigHioOg. II a cinq atomes d’hydro^e 
mobiles, est ddcolore par rhydrosulfite, comme I’^chinochrome, et HnnTi>> une 
coloration fonc^ avec le trichlorure de fcr. Sa composition 61 ^mentaire flinai que ses 
propri^^s font penser qu’il derive de r^chinochrome par substitution d’un groupe 
hydroxyle k un atome d’hydrogine; il se peut pourtant que le spinochrome soit 
plus insaturd que I’^chinodirome. 
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Glaser & Lederer (1939) ont prepare trois d6riv& m^thyles du spinochrome qui 
cristallisent facilement. 

Foments associes. Deux autres pigments de ce groupe ont 6te obtenus ^ Tetat 
cristallis^ ^ partir des epines d*Arbacia. Ce sont Visoechinochmne de Glaser & 
Lederer (1939) (fines aiguilles brun-rouge, p. f. 247®, mieux adsorb^ que I’^chino- 
chrome; bandes d’absorption k 548 et 510 m/A. dans CHClj) et un pigment analogue 
isol6 par Kuhn & Wallenfels (1939) (feuillets rouge-fonce, p. f. 229°; 555, 515, 
465 m/x. dans CSg), II se peut que les deux corps soient identiques. 

Glaser & Lederer (1939) ont trouve dans Arbacia et Paracentrotus quelques 
autres pigments, rouges et bruns, peu solubles dans Tdther, mais solubles dans 
Talcool butylique. Leur appartenance au groupe de rdchinochrome se manifeste 
par leur solubilitd dans le bicarbonate avec une couleur fonc6e et par leur reaction 
avec le trichlorure de fer. 

Le test des Paracentrotus verts contient un pigment jaune pr&entant une vive 
fluorescence bleue qui vire au vert en solution bicarbonat^e. 

Les pigments d^v^s de la naphtoquinone d’origine vdg^tale different des 
pigments d’Oursin en ce qu’ils ont beaucoup moins de groupes hydroxyles. II faut 
croire que les chinones sont synth^s^s par les Oursins. On n’en a pas encore 
trouvd chez d’autres esp^ces d’animaux, pas m^e chez d’autres ^chinodermes. 

Les colorations diverses des opines et tests de Paracentrotus Iwidus sont dues k 
des melanges de spinochrome et d*6chinochrome en diflP&rentes proportions. Void 
un tableau d’apr^s Glaser & Lederer (1939). 


Couleurs des ipines 

VerdAtre 

Vert brun et 
bnm violet 

Violet 

Mg. d'dchinochtome par animal (test et pineal 

Mg. de spinochrome par animal (test et dpines) 

mSM 

o>a 

o*oz 

Hsu 

0-8 

17 


Ces pigments ne se trouvent pas seulement dans la partie calcaire des opines et 
du test, mais 6galement dans le derme avec ses pieds ambulacraux et pddidUaires, 
remplis de granulations color^es. Le tableau suivant montre la distribution des 
diflFdrents pigments dans les organes de cinq e8pd:es d’Oursins (d’apr^ des essais 
de Glaser & Lederer, en partie in^dits). 


EspAce 

Ovaires 

Derme 

Test et dpines 

Arbacia ae^pdtuberculata 
Paracemrotus yvidus 
(varidtd verte) 
Paracentrotus mndus 
(vaxidt^ violette) 

Echinus esculentsa 

fichinocfaimne 

Carotdnoldes 

CarotAnoides 

Peu oolords 

Echinochrcnne 

£chinochr(mie 

Spinochrome 

Echinochrome 

Isodchinoduome 
fichinochrome, et un 
peu de spinochrome 
Spinochrome, et un 
peu d’dchinochtome 
fichinnchrome 


(a) Anihraguinones (cochemUet kermis et adds lacccSnique) 

Les colorants de ce groupe sont produits par des Insectes. Nous devons des 
connaissances prddses sur leur structure i Dimroth et ses coUaborateurs. On ne 
sait lien de leur r 61 e biologique. 
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Uadde canninique^ C22H20O13, est le colorant de la “cochenille”; on I’extrait 
des femelles de Cocciis cactiy vivant sur des cactees de TAm^rique centrale. L’acide 
carminique forme des cristaux rouge-foncd, se d^composant vers 205°. La distilla- 
tion sur la poudre de zinc donne de I’anthracfene et de I’a-methylanthrac^e. 
L’oxydation par le permanganate foumit la carminazarine (VIII) (Dimroth & 


O 



VT TT. nflrminiiwinne 


Kerkovius, 1913), ce qui fixe la constitution des deux premiers noyaux. Le troisi^me 
noyau porte trois groupes hydroxyles et une chaine laterale, — CO — CHg — 
CHOH — CHOH — CHOH — CHjOH, qui est la cause de ractivile optique de 
I’acide carminique (IX) (Dimroth, 1909; Dimroth & Kammerer, 1920). 

i-CO-CH,-CHOH-CHOH-CH,OH 

•oh 

DC. Acide canninique 

Uacide kermisiquey CigHiaOj, est le pigment du kermis, colorant compose des 
corps s^ch^s de Coccus iUci vivant sur des chSnes dans les pays m^diterrandens. La 
distillation du pigment sur le zinc donne le a-m6thylanthracine, Toxydation par le 
permanganate I’acide cochenillique (X), comme Tacide carminique. Les deux 

CH, 

^COOH 

Hol^COOH 

COOH 

X. Adde codieoillique 

pigments ne different que par la chaine latMe qui est constitu^ dans I’acide 
kerm&ique par le groupe acetyle (XI) (Dimroth, 1910; Dimroth & Pick, 1916; 
Dimroth & Scheurer, 1913). 



XI. Adde kerm6sique 
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Uacide laccainique^ C2QH14O10, se trouve dans la laque secret^e par I’arbre i 
laque apr6s piqure par Coccus laccae. Le pigment est excret6 par des Insectes au 
moment de la piqure. La formule brute de ce pigment est CjoHiiOjo (Dimroth & 
Goldschmidt, 1913). II s’agit egalement d*un derive de Tanthraquinone pour lequel 
Bergmann (1933) propose la formule XII. 

COOH CO OH 



rV. PIGMENTS PYRROLIQUES 


(1) Porpkyrines 

Les porphyrines sont des pigments rouges ou bruns dont le role essentiel dans 
la nature est de her le fer sous forme de sel complexe et de former ainsi la base des 
pigments respiratoires. La description de ces demiers sort du cadre de la presente 
revue (voir Florkin, 1934a, b; Redfield, 1933; Roche & Combette, 1937. Pour la 
chimie des porphyrines, voir Fischer & Orth, 1937). 

Conchoporphyrine (C^H^gOioN*). Fischer & Jordan (1930) ont isole ce pigment 
k partir des coquilles du Lamellibranche Pteria radiata. Son spectre d’absorpdon 
ressemble k cdui de I’uroporphyrine, forme d*excretion des porphyrines dans 
I’organisme animal, contenant quatre groupes d'acide ac6tique et quatre groupes 
d’acide propionique (XIII). La conchoporphyrine contient trois groupes carboxyles 
de moins et se transforme avec perte d’un groupe carboxyle en coproporphyrine 


HOOCH,CCH, „ CHiCOOH 

/\ 

H00CH,C/ Y N* ^CH,CH,COOH 
HC CH 

HOOCH,C<^ ^H,COOH 

HOOCH, Cnic ** OT,CH,COOH 

XIIL Urpparidiyzine III 
HOOCH, CH^C jj CH, 

^C 


H,C^ Y \ ^CH,CH,COOH 
£IC 




4 ' 




c^ 

5H, ** CH, 
XIV. CopFiqKjrpbyrine III 


HOOCH,CH,( 


,CH,COOH 
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(XIV) egalement une des porphyxines des excretions des animaux k hemoglobine. 
L’instabilite d’un groupe carboxyle avait fait penser k Fischer qu’il s’agissait d’lm 
groupement — CH2CH=(COOH)2 (derivd de I’acide malonique), mais une por- 
phyrine contenant ce groupement, s)nithetisee par Fischer & Holt (1934) n’est pas 
identique k la conchoporphyrine. II faut croire qu'd s’agit plutdt d’un groupe 
succinique (voir aussi Fisher & Hoftnann, 1937). 

L’ether pentamdthylique de la conchoporphyrine cristallise sous forme de 
prismes brun-rouge fondant k 271-273®. Leur spectre d’absorption montre cinq 
bandes (626*5, 599'8» 57 ^' 4 > S 3 ^' 3 » 5 ®^'S CHC 18 ). La conchoporphyrine 

a une forte fluorescence rouge (spectre de fluorescence: 600, 626, 659, 676, 
69s ‘5 le dioxane). Fischer & Haarer (1 93 1) ont isoie I’uroporphyrine I k partir 

des coquilles de Pteria vulgaris. D’aprks Waldenstrfim (1937) il s’agit d’un mdlange 
des uroporphyrines I et III. L’autres porphyrines s’y trouvent en petite quanti^. 

Porphynnes tegumentaires. MacMunn (1886) a signed la presence de porphyrines 
dans les teguments di^Uraster rubensy 6 .*Arion empiricorum^ dans les l^toiles de mer 
brunes, et che2 divers Ccelent^^s {FldbeUum variabile, Fungia ^mmetrica). Le 
caractkre porphyrimque k 6te dtabli par I’dtude du spectre d’absorption, de la 
fluorescence rouge et de la solubility. Dhyr^ & Baumeler (19286) ont confirmy la 
presence d’une porphyrine k fluorescence rouge dans le denne d'Arion empiricorum. 

La porphyrine de la peau du Ver de terre est la protoporphyrine (XV) trks 



XV. Protqpoiphyrine III 


rypandue chez les Vertybrys (dans les fkces, dans la moelle epinikre des malades 
d’andmie pemicieuse, dans la viande pourrie, dans les coquilles de beaucoup d’ceufe 
d’oiseaux ooporphyrine — ) et dans les feuilles de beaucoup de plantes (Fischer & 
Hilmer, 1925). On pent done penser que la porphyrine tygumentaire de Lumbricus 
ferrerfm provient de sa nourriture vygetale. II se peut que les porphyrines dyposyes 

dans I’ypiderme des animaux jouent un r6le de photo-sensibilisateurs (Hausmann, 
1916). 

Un pigm^t analogue k celui du Ver de terre se trouve dana le tygument 
aPisema foeUda (Hausmann, 1916). 

Chez les Helminthes parasites, Derrien (1927) a trouvy la protoporphyrine dans 
le tygument des Cysticerques de Taenia solium, et Aduco (1888) semble avoir 
constaty la prysence de porphyrines dans un Eustrangylm gigas de chien, colord en 

rouge. Dans ces cas e’est yvidemment rhymoglobine du vertybry qui est I’orieine 
de la porphyrine. 



Les pigments des Invertebres 283 

Fisclier & Fink (1925) ont trouvc la protoporphyrine et la coproporphyrine dans 
les feces des chenilles de mite. 


(2) Pigments biliaires 

Les pigments biliaires sont, chez les Vertcbrcs, le resultat de la destruction du 
pigment sangum. Ce processus commence par la rupture du noyau porphyrinique 
a un endroit determine et finit par I’^limination du fer (Lemberg, 1935). Les pig- 
ments biliaires, dont le plus important est la bilinibine (XVI), different des 


COOH 

(1h, 

CH, HjC (!:Hj 

,r-|i 

HO. .=CH- 


COOH 

in, CH, 
i / 


CH, 

I 


\/ 

N 


N 

H 


CH, \ ; CH— 

N 

H 


=-j CH, 

s. I /CH, 

N d 


XVI. B ifirubine 


porphyrines par I’absence de bandes d’absorption caract^ristiques et de la fluorescence 
rouge. Ils ont conserve la faculty de former des sels complexes avec les mdtaux; 
leurs sels de zinc pr&entent le plus souvent des fluorescences rouges ou vertes 
(“reaction urobilino-zincique*’). (Voir Javillier, 1926; Fischer & Orth, 1937; 
Dh6r^, 1938.) Normalement, c^ez les Vertdbr^s les pigments biliaires se forment 
dans le foie, mais leur formation extrah^patique est 6galement fr6quente. Chez les 
Invert^br^, les organes hepadques, et leurs s6cr6tions semblent souvent d^pourvus 
de pigments biliaires (Roaf, 1906). La bile de quelques Mollusques et Cnistac^ 
contient de l’h 61 iconibine, pigment hematinique qui ne semble pas se transformer 
en pigments biliaires (Vegezzi, 1916; Anson & Mirsky, 1925). 

Pour les Invert^br^ i sang h^oglobinique, notons Fobservation de Spiess 
(1910) sur une bilirubine dans les “cellules h^patiques” de la Sangsue (Hirudo 
medkinaUs), de Gheo^hiu (1933) sur un pigment biliaire chez I’Hirudm^e, Proto- 
clepsis tesselata. Bloch-Raphael (1939) a trouv^ par des m6tbodes histochimiques 
que de nombreux Vers polych^tes contiennent des pigments biliaires, qui paraissent 
non seulement 6tre les produits de destruction de rhdmoglobine, mais aussi, dans 
quelques cas, des prdcurseurs de celle-d. 

La “pontobdelline”, pigment t6gumentaire d’un bleu verd 3 .tre de rHirudin^e 
PontobdeUoj pr^ente d’apr^ Abeloos (1925) les caract^res de solubility de la bili- 
verdine (XVII) et ses solutions donnent la ryaction de Gmdin, caractyxistique des 
pigments biliaires. Les Pontobdelles se nourissant de sang de Vertybrys, leur 
pigment peut Stre dyrivy de Phymoglobine. 
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Abeloos (19Z5) rapporte encx)re la pr^ence de pigments tdgumenUires rouges 
ou bruns chez les Hirudin^es Ghssiphonia complanata^ G. heterocUta^ Henuclepsis 
marginatai et Piscicola geometra. 

MacMuiin (1885 h) a trouv6 une biliverdine dans le mesoderme 6 .* Actinia tnesem- 
hryanihemum i c6t6 d’une h^matine. 

Pour les gnimfliiY i sang h^mocyanique, Bradley (1908) ^ trouv^ de la biliverdine 
dans la glande digestive de I’ficrevisse (Catnbarus). Nous avons fait quelques 
observations sur le pigment vert fonc6 des “racines” du parasite Peltogaster paguri. 
D’aprte les solubilitds et la reaction de Gmelin e’est la biliverdine (XVII). L’hemo- 
cyanine n’ayant pas de rapport avec les pigments pyrroliques, on pent admettre que 
les pigments biliaires proviennent de pigments pyrroliques de la nourriture. 

D’apris von Linden (1903) les 6cailles des ailes des Vanesses (L^pidoptferes) 
contiennent un chromoprot^ide rouge dont le groupe prosth^tique donne la r&iction 
de Gmelin; le pigment serait form^ dans Tintestin de la chenille k partir de la 
chlorophylle. Porta (1902) a signal^ I’excr^tion d*un pigment voisin de rurobiline 
chez les Coccinelles. 

Nous traiterons maintenant de quelques pigments spdcifiques derives probable- 
ment des pigments biliaires. 

Rujme, Dh6r6 & Baumeler (1928 a) ont donn6 le nom de rufine au pigment 
rouge du tegument de la limace rouge (Arion ruftis). II ne s’agit pas d’un caro- 
t^olde comme on I’avait cru (Bohn, 1901 ; Mandoul, 1903). Dor (1902) le d^gne 
sous le nom d’urobiline; Schulz (1904) conclut qu’il n’y a pas d’urobiline, ni de 
pigment semblable. 

Dh6r6 & Baumeler (1928 a) ont trouv 4 que le pigment, jaune k Tdtat neutre ou 
faiblement adde, vire au rouge par addition d’acides forts. En chauffant k la 
lumidre une solution fortement acidulde, elle vire au vert. Alcalinis^e par la soude, 
la rufine vire au rouge violace. Les solutions de rufine, acides ou alcalines, sont 
d&olor^ par reduction ^ Thydrosulfite; la couleur r6apparait aprfes aeration. 

Dh6r^ et td. (1928), en dtudiant la spectrochimie de la rufine, ont trouv^ une forte 
bande k 430 m/x. pour une solution faiblement adde, une absorption terminale 
croissante jusqu’k 36omjLb. pour une solution alcaline rouge violacde et deux bandes 
(502 et 468 mil.) pour ime solution fortement adde. La solution verte obtenue par 
traitement k Tadde sulfurique concentrd prfeente trois bandes (650, 580, 471 mp..). 
Avec de I’adde plus fort la liqueur prend une forte coloration rougedtre et montre 
deux bandes d’absorption (542, 503 m/x.). 

Rufesdne. Kjukenberg (1883, 1886) a d6crit sous le nom de turbobromine un 
pigment rouge de la coquille de certsuns Gastdropodes {HaUotis rufescens, Turbo 
oUvaceuSi T. sarmaticus, T. radiatusj T.petholatuSf T. nuudmus), Ce pigment, soluble 
dans Talcool addul^ est accompagnd d’un pigment vert qui donne la reaction de 
Gmdin et semble identique au pigment vert obtenu par oxydation du pigment 
rouge. Schulz (1904) a consacr^ un long mdnoire aux pigments biliaires des 
coquilles de MoUusques et a confirm^ ^ gdndral les donn^ de Krukenberg. 
Plus tard, Dh6r6 & Baumeler (1930) se sont occupds en detail du pigment de la 
coquille de V HaUotis rufescens qu’ils appdlent rufeseme. 
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Les solutions aqueuses de nifescine, faiblement acides sont relativement stables 
(bandes d’absorption ^ 518, 450 m/i. environ). L* addition d’acide acdtique fait 
\irer au jaune, puis au rouge (“haliotirubine”, bandes d’absorption k 525, 455 m/z. 
environ). L’action d’acides forts produit un pigment vert (“haliotiverdine”, pas 
de bandes d’absorption). Cette m&ne coloration apparait par Taction de trichlorure 
de fer ou d’eau oxyginee en milieu faiblement acide sur la rufescine. Une solution 
d’haliotiverdine, alcalinis^e, vire au jaune; en acidifiant et en agitant constamment 
Dhdr^ & Baumeler ont obtenu un nouveau ddriv^ de couleur bleue (‘ ‘ halioticyanine ”, 
bandes: 620, 572 myx.). Son spectre est analogue k celui de la “bilicyanine” 
(phase bleue de la reaction de Gmelin) (XVIII). Les solutions de rufescine, d’halio- 



XVllI. Phase bleue de k n^actkm de Gmdin 


tirubine et d’haliotiverdine ne poss^dent aucune fluorescence, mais Thaliotirubine 
en prdsente une de couleur rouge trh& nette (comme la bilicyanine). De plus, Dh^r6 
& Baumeler ont obtenu comme dernier stade d’oxydation de la rufescine un d^v<^ 
dont lea caractferes spectraux, ainsi que ceux du sel de zinc, correspondent de tr^» 
pris k ceux de Turobiline, La rufescine elle-mfime forme un sel complexe de zinc 
avec ime fluorescence verte et une forte bande d’absorption dans le bleu, comme 
Turobiline. 

PigmefOs d’Haliotis californiensis. Les coquilles du Gastdropode HaUotis 
caUfomiemis sont colortes en bleu- vert. D’apr^ Schulz & Becker (1931) il s’agirait 
tout simplement d’indigo. 

Lemberg (1931) conteste ceci et montre qu’il y a deux pigments, un corps A qui 
est vert dans le chloroforme acide (bandes k 623, 498 myz.) et un autre, B, pigment 
principal, qui est bleu (622 m/z.). Le pigment B a une fluorescence rouge, GtAetB 
forment des sels de zinc. Ce sont des corps acides qui se trouvent dans la coquille 
sous forme de sels de calcium. Lemberg pense que ces pigments ont bien une 
structure pyrrolique. 

Calliactme. L’ Anemone de mer, Sagariia parasitica {CalUactis effoeta)^ posside 
plusieurs pigments ddcrits par Abeloos & Teissier (1926). Le plus int&ressant est 
le pigment de la colonne qui se pr&ente sous forme de groupes de grains rouges 
dans la parde superflcielle de la paroi et de groupes de grains violets dans les couches 
plus profondes. Ce pigment est un veritable indicateur de pH. Les acides le font 
passer du jaune-brun au jaune d’or, puis au rouge. Les alcalis le font passer au 
bleu, puis au violet et flnalement au rouge. Ce pigment est soluble dans Teau et les 
alcools, insoluble dans Tether et le chloroforme. On Tobtient k T^tat cristallisd en 
ajoutant de Talcali k une solution alcoolique (rosettes d’aiguilles bleues, ne fondant 
pas jusqu’k 300®) (Lederer et oL 1940). Ce pigment, la "calliactine”, C2gH2j05N4 
forme un chlorhydrate rouge; chauff6 avec de Tacide chlorhydrique k 10 % il se 
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Abeloos (1925) rapporte encore la pr^ence de pigments tdgumentaires rouges 
ou bruns chez les Hirudin^es Glossiphottia cofinplanata, G. heterocUta^ Hetniclepsis 
margifiatat et Pisdcola geometra. 

MacMunn (1885 b) atrouve une biliverdine dans le mesoderme A* Actinia mesem- 
bryantkemwn ^ cote d’une hdmatine. 

Pour les animaux k sang h^mocyanique, Bradley (1908) a trouv^ de la biliverdine 
dans la glande digestive de I’ficrevisse (Camhams). Nous avons fait quelques 
observations sur le pigment vert fonc 4 des “racines” du parasite Peltogaster paguri. 
D’aprks les solubilit 48 et la reaction de Gmelin c’est la biliverdine (XVII). L’hdmo- 
cyanine n’ayant pas de rapport avec les pigments pyrroliques, on peut admettre que 
les pigments biliaires proviennent de pigments pyrroliques de la nourriture. 

D’aprks von Linden (1903) les Readies des ailes des Vanesses (Lepidoptkres) 
contiennent un chromoprot^ide rouge dont le groupe prosth^tique donne la reaction 
de Gmelin; le pigment serait forme dans rintestin de la chenille k partir de la 
chlorophylle. Porta (1902) a signale Pexcretion d’un pigment voisin de I’urobiline 
chez les Coccinelles. 

Nous traiterons maintenant de quelques pigments sp6cifique8 derives probable- 
ment des pigments biliaires. 

Rufirte, Dh6r^ & Baumeler (1928 a) ont donne le nom de rufine au pigment 
rouge du tegument de la limace rouge {Arion mfus). II ne s’agit pas d’un caro- 
t^oide comme on I’avait cru (Bohn, 1901 ; Mandoul, 1903). Dor (1902) le d^gne 
sous le nom d’urobiline; Schulz (1904) conclut qu’il n’y a pas d’urobiline, ni de 
pigment semblable. 

Dh6r^ & Baumeler (1928 a) out trouvd que le pigment, jaune k l’6tat neutre ou 
faiblement adde, vire au rouge par addition d’addes forts. En chauffant k la 
lumikre une solution fortement addul^e, elle vire au vert. Alcalinis^e par la soude, 
la rufine vire au rouge violac^. Les solutions de rufine, acides ou alcalines, sont 
d6color6es par reduction k I’hydrosulfite; la couleur r^apparait aprks adation. 

Dhd6 et al. (1928), en etudiant la spectrochimie de la rufine, ont trouv6 une forte 
bande k 430 pour une solution faiblement adde, une absorption terminale 
croissante jusqu k 360 m/i. pour une solution alcaline rouge violacde et deux bandes 
(5^ et 468 m/i.) pour une solution fortement adde. La solution verte obtenue par 
traitement k I’adde sulfurique concentrd prdente trois bandes (650, 580, 471 m/x.). 
Avec de 1 adde plus fort la liqueur prend une forte coloration rougektre et montre 
deux bandes d’absorption (542, 503 m^.). 

Rufescine, Euukenberg (1883, 1886) a ddrit sous le nom de turbobromine un 
pigment rouge de la coquille de certains Gastdropodes {HdUotis Tufescens^ Turbo 
oUoacm, T. sarmaticus, T. radUOus, T.petholatus, T. maxmus). Ce pigment, soluble 
dan? I’alcool addul^ est accompagn6 d’un pigment vert qui doime la reaction de 
Gmdin et semble identique au pigment vert obtenu par oxydation du pigment 
rouge. Schulz (1904) a consacr^ un long mdnoire aux pigments biliaires des 
coquilles de MoUusques et a confirm^ en gdndral les donn^es de Krukenberg. 
Plus tard, Dhd:6 & Baumeler (1930) se sont occup^s en detail du pigment de la 
coquille de VHaBolts rufescens qu’ils appdlent rufesdne. 
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Les solutions aqueuses de rufescine, faiblement acides sont relativement stables 
(bandes d’ absorption k 518, 450 m/x. environ). L’addition d’acide ac^tique fait 
nrer au jaune, puis au rouge (“haliotirubine”, bandes d’absorption k 525, 455 m/i. 
environ). L’action d’acides forts produit un pigment vert (“haliotiverdine”, pas 
de bandes d’absorption). Cette m&ne coloration apparait par Taction de trichlorure 
de fer ou d’eau oxygdnde en milieu faiblement acide sur la rufescine. Une solution 
d’haliotiverdine, alcalinis^e, vire au jaune; en acidifiant et en agitant constamment 
Dhdr^&Baumeler ont obtenu un nouveau d^rivd de couleur bleue (“halioticyanine ”, 
bandes: 6ao, 572 m/z.). Son spectre est analogue k celui de la “bilicyanine” 
(phase bleue de la reaction de Gmelin) (XVIII). Les solutions de rufescine, d’halio- 
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XVIII. Phase bleue de la x&ctioii de Gmdin 


tirubine et d’haliotiverdine ne possMent aucune fluorescence, mais Thalio^irubine 
en pr&ente une de couleur rouge trfes nette (comme la bilicyanine). De plus, Dh^6 
& Baumeler ont obtenu comme dernier stade d’oxydation de la rufescine un ddrive 
dont les caractkes spectraux, ainsi que ceux du sel de zinc, conespondent de trfes 
pr^ k ceux de Turobiline. La rufescine elle-mfeme forme un sel complexe de zinc 
avec une fluorescence verte et une forte bande d’absorption dans le bleu, comme 
Turobiline. 

P^ments d’Haliotis califomiensis. Les coquilles du Gastdropode EalioHs 
caUfomiensis sont colordes en bleu-vert. D’aprds Schulz & Becker (1931) il s’agirait 
tout simplement d’indigo. 

Lemberg (1931) conteste ced et montre qu’il y a deux pigments, un corps A qui 
est vert dans le chloroforme acide (bandes k 623, 498 mfi.) et un autre, 5 , pigment 
principal, qui est bleu (622 m^t.). Le pigment B a une fluorescence rouge, GtAetB 
forment des sels de zinc. Ce sont des corps acides qui se trouvent dans la coquille 
sous forme de sels de calcium. Lemberg pense que ces pigments ont bien une 
structure pyrrolique. 

CalHactine. L’Andmone de mer, Sagartia parasitica {CaMactis effoeta\ possdde 
plusieurs pigments ddcrits par Abeloos & Teissier (1926). Le plus intdressant est 
le pigment de la colonne qui se prdsente sous forme de groupes de grains rouges 
dang la partie superfldelle de la paroi et de groupes de grains violets dans les couches 
plus profondes. Ce pigment est un vdritable indicateur de pYi, Les addes le font 
passer du jaune-brun au jaune d’or, puis au rouge. Les alcalis le font passer au 
bleu, puis au violet et finalement au rouge. Ce pigment est soluble dans Teau et les 
alcools, insoluble dans Tdther et le chloroforme. On Tobtient k Tdtat cristallisd en 
ajoutant de Talcali k une solution alcoolique (rosettes d’aiguilles bleues, ne fondant 
pas jusqu’k 300®) (Lederer et al. 1940). Ce pigment, la “calliactine”, C22H22O5N4 
forme un chlorhydrate rouge; chauffd avec de Tadde chlorhydrique k 10 % il se 
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transforme en “chloro-calliactine” (C2aHi802N4Cl2; aiguilles vert fonc 6 s). Ce 
nouveau pigment perd son chlore par chauffage avec de Teau et se transforme 
en “nte-calliactine” (C22H18O8N4; aiguilles vert-jaunes, ne fondant pas jusqu’i 

300°). 

Chloro-calliactine et n^o-calliactine sont violettes en milieu alcalin et ont, comme 
la calliactine, une fluorescence orange. La reaction de Gmelin est negative, mais la 
composition chimique ainsi que quelques reactions de ces corps font penser qu’il 
s’agit bien de d^riv6s de pigments biliaires. 

Pigments de la sicrition des Aplysies. Les Aplysies (Limaces de mer, Aplysia 
punctata, A. depilans, A. Uniacina) secr&tent par des glandes sp^ciales un pigment 
d’un violet intense, accompagnd de mucus et d’une mati^re malodorante. Le 
pigment, Taplysiopurpiirine, a depuis longtemps suscit^ l*int6r^ des chercheurs. 

D*apr^ Ziegler (1886) il ne s’agit de rien d’autre que du rouge d’aniline et du 
violet d’aniline. Les fr^res Negri (1875) montrent I’erreur de Ziegler et constatent 
que le colorant violet vire au bleu par addition d’acide et devient soluble dans le 
chloroforme. De nombreuses observations de Moseley (1877) 6t de MacMunn 
(1899) font ressortir la nature complexe de ce pigment. Paladino (1908) affirme qu’il 
contient du fer et une trace de manganese. Derrien & Turchini (1925) signalent la 
fluorescence rouge du liquide s6cr6t^ et la fluorescence verte de la solution alcoolique 
oxyd^; ceci les incite k rapprocher Taplysiopurpurine des porphyrines. Sclp-eiber 
(1932) s^pare ce pigment en une “urobiiine” (XIX) et un produit qui donne “de 

COOH COOH 

in, 

HaCn— T|C,H, H,C|— ||CH, jCH, H,C|p-|C,H, 

HQiM CH, l[JI CH=M CH, IIJoH 

NH N NI-I 

XEK. Urobiiine 

rurobiline” par oxydation. Enfin, Fontaine & Rafiy (1936) dans une dtude de la 
spectrochimie de Taplysiopurpurine conduent que ce pigment se rapproche de tr6s 
pr^ de la m&obilivioline (XX). Ils pensent, comme Schreiber (1932), qu’elle 

COOH COOH 

in, in, 

H,C|— jCsH, H„C|P|c!;H, H,c!|=-=iCH, H8C|j— .CiH. 

HO'\ '==CH 1!^ CH=l.l CH, IJoH 

N NH N NH 

XX. M^bilivioline 

pourrait fitre un produit de degradation non seulement de la chlorophylle, mais aussi 
les pbycochromoproteides. 

Nous avons trouv^ que I’aplysiopurpurine se comporte comme un mdlange de 
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chromoprot^ides que I’on peut sdparer par precipitation fractionnee par le sulfate 
d’ammonium ou par adsorption chromatographique sur ralumine (Lederer & 
Huttrer, 1939). Bien que Ziegler (1886) et MacMunn (1889) aient d^jiltrouve que 
le pigment peut fetre precipite par des sds neutres, aucun des auteurs cites n’a tire 
les conclusions appropriees de cette observation. Les chromoproteides en question 
sont assez instables; ils dissocient par action de la temperature et de la lumiere. 
La dissociation thermique est reversible comme pour Povoverdine. Les groupes 
prosthetiques des proteides en question sont solubles dans Talcool butylique. On 
peut les separer par adsorption sur la chaux ou le talc en sept ou huit constituants 
differents qui rappellent d’apr^s leurs proprietes chimiques et physiques (composi- 
tion eiementaire, reaction de Gmelin, spectres en solution acide, neutre ou retat 
de sel complexe de Zn) la mesobilivioline, la mesobilirhodine (isomere de la 
premiere), Turobiline et autres pigments biliaires analogues. 

Pigment vert des (dies de Pieris brassicae. Les ailes du Pieride du choux contien- 
nent un pigment vert, hydrosoluble (Hopkins, 1892). On peut le separer en un 
corps vert et un corps bleu par fractionnement au sulfate d’ammonium (Wieland 
& Kotzschmar, 1937). II s’agit de chromoproteides dont le groupe prosthetique, 
soluble dans I’alcool amylique, donne la reaction de Gmelin et rappelle la biliverdine 
et I’oocyane de I..emberg (1934). Pigment vert: bande diffuse de 712 it 680 m/x, ; 
pigment bleu; bande diffuse de 698 k 684 m/i. (voir aussi Griffiths, 1892 i). 


(3) DirivSs de la chJorophyUe 

La formule XXI montre la structure de la chlorophylle a d’apr^s Fischer & 
Wenderoth (1939). Le squelette pyrrolique de la chlorophylle contient un noyau 
isocyclique et deux atomes d’hydrogene de plus que les porph3rrines. Les deux H se 
trouvent dans le noyau IV et sont la cause de l’activit6 optique des chlorophylles 
et de leurs d^rivis. Les pigments obtenus k partir des chlorophylles par ouverture 



XXI. Chlorophylles 
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du noyau isocydique ont un squelette porphyrique avec les mSmes deux atomes 
d’hydrogiine en plus: on les appelle chlorines (XXIII). 

(a) Degradation biologigm de la chbrophyUe. 

Chez les Vert6br&, la phyllo6rythrine Ca3H3j03N4 est le produit principal de 
d6gradation de la chlorophylle a par I’intestin. Elle se forme par enlevement du 
magnesium, saponification du phytol et de l*alcool methylique el decarboxylation 
au carbone lo (Fischer & Hilmer, 1925). 



XXIL Fhyllodrythrine 



XXIII. M^sopyrrodilorine 


Chez les Vers k soie la degradation va plus lion, avec scission de I’anneau iso- 
cyclique et formation de phyllobornbicinej isoiee par Fischer & Hendschel (1931) i 
partir des ftces de ce Yer. Ce pigment, C34H83O3N4, est transforme en chlorine 
par action d’alcoolate, en phylloporphyrine par Tacide bromhydrique et en pheo- 
porphyrine par I’acide iodhydrique. Fischer & Hendschel ont isole le mSme pigment 
k partir des ftces de la chenille d^Acheroniia atropos. Seybold & Egle (1938) croient 
que la phyllobombicine n’est qu’un produit artificiel form6 au cours de Tisolement; 
dans des feces frais ils n’ont trouv^ que les chlorophylles a et b. 

La phyUoerythrine, ainsi que la phyllobombicine, sont derives de la chloro- 
phylle a ; on ne connait pas de produits de degradation biologique de la chlorophylle b. 
Dans les ffeces du mouton, Fischer & Hendschel (1932) ont trouve deux autres 
derives de la chlorophylle a, les "probophoibides” <2 et ft. Ces pigments se trouvent 
dans les excrements de nombreux autres Vertebres (voir aussi Kohler et al. 1939). 
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(b) Pigment verts^ tigumentaires et autres. 

Les colorations vertes des teguments des Invert6br& sont dues en general k la 
presence d’algues symbiotiques, k la chlorophylle vraie ou i d’autres pigments verts 
d^riv^s de celle-ci. (En ce qui conceme les colorations vertes dues aux pigments 
biliaires, voir le chapitre pr6c6dent.) 

Coloration verte due d la prisence d'algues symbiotiques. Furth (1903) a fait 
Thistorique de la “chlorophylle animale” des Polypes, de nombreux Infusoires, 
Turbellaires, Planaires et autres. Entz (1876), puis Brandt (1883), ont trouv^ que 
cette coloration est uniquement due k la presence d*algues microscopiques (“zoo- 
chlorelles”). 

La marinmne^ pigment vert des Huitres de Marenne, colorant les branchies et 
les palpes labiaux de divers Lamellibranches est due k ime diatom^, Navicula 
ostrearia (Chatin & Muntz, 1894; Sauva^au, 1907. La nature chimique de la 
mar^nnine n’est pas encore connue, en raison surtout de difficult^ d’extraction 
sans decomposition. D’aprks Ranson (1937) il s’agit d’un carotiprotede. 

Coloration verte due d la presence de chlorophylle. La chlorophylle alimentaire 
est surtout utilisee par les Insectes pour la coloration des teguments; il y a ainsi 
adaptation k la coloration de I’environnement. On trouve la chlorophylle (identifiee 
par des observations spectroscopiques) dans les dlytres des Cantharides (MacMunn, 
1882--3), dans les ailes des Phyllies (Becquerel & Brogniart, 1894), dans les ailes de 
Locusta (Podiapolski, 1907) et dans le tegument du Dixippe (Przibram & Lederer, 
1933). Vegezzi (1916) a identitie k I’aide de Padsorption chromatographique 
I’hepatochlorophylle des MoUusques avec les chlorophylles vegetales. 

Heilbron et al. (1935) ont identifie avec la chlorophylle a le pigmpnt vert des 
tentacules d^Ane?nonia sulcata. 

La chetopterine est le pigment vert fonce de 1 ’ epithelium intestinal du Chetopterc 
(Anneiide polychkte tubicole). Romieu (1922) en a obtenu des cristaux. D’apres 
son spectre d’absorption (655, 600, 535, 500 mp. dans I’alcool neutre) il pourrait 
s*agir d’une pheophytine ou pheophorbide, c’est-k-dire du produit resultant de 
reiimination du magnesium ou du magnesium et du phytol des chlorophylles. 

Coloration verte due d la prisence de pigments spiciaux. Nous dectivons id 
plusieurs pigments tegumentaires de Vers. 

BonelUne. La femelle du Oephyiien BonelHa viridis est coloree en vert fonce. 
Son pigment, la bonelline, a int^esse beaucoup de chercheurs; Dhere & Fontaine 
(1932) en dtent une vingtaine. Sorby (1875) fut le premier k etudier son spectre 
d’absorption qui presente six bandes distinctes la differendant nettement de la 
chlorophylle. Dhere & Fontaine (1932), dans une etude spectrochimique trks 
approfondie, conduent que la bonelline presente beaucoup d’analogies avec les 
porphyrines et la phylloerythrine et semble deriver des chlorophylles alimentaires. 

Nous avons recenunent obtenu la bonelline k I’etat cristallise aprks, purification 
par adsorption chromatographique (Lederer, 1939 k). Elle cristallise sous forme de 
fines aiguilles vert fonces, qui ne fondent pas jusqu’k 300°. Elle est soluble dans 
rether ethylique neutre, et dans les addes et les bases aqueuses, insoluble dans 
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r 6 ther de pdtrole. Son spectre d’absorption se rapproche de tr^ prh de celui 
de la m^sopyrrochlorine (C3iH80OaN4) de Fischer et al. (193^) (XXIII): 

M^sopyrrochlorine dans le dioxane 640, 612, 588, 54 ^> 5^8, 49 ^> 484 ™-/^‘ 

Bonelline dans le dioxane 638, 608, 585, 537, 516, 492, 481 m/t. 

Misopyrrochlorine dans HCl 634, 590, (538), 520 mp.. 

Bonelline dans HCl 633, 585, (536), 519 mp. 

D’aprfes Stem & Molvig (1937) la bande k 610 mp. est caract^ristique pour le 
groupe m^so en position 2; le d^doubl^ent de la sixifeme bande en deux bandes 
tr^s rapproch^es et de m&ne intensity est tr^ caractdristique pour ces chlorines et 
s’observe ^galement pour la bonelline. 

La bonelline serait done une m^ochloiine naturelle (peut-etre une dioxy-in6so- 
pyrrochlorine) ; sa formule brute C31H30O4N4 ainsi que sa capacity de former des 
sds complexes s’accordent avec cette hypothise. 

Pour Dhdr^ & Fontaine (1932) le r 61 e de la bonelline r&ide dans ses propri^tds 
de photosensibilisateur; pour Michel (1931) la bonelline peut intervenir comme 
moycn chimique de d^ense. Dubois (1907) a observe que la Bonellie, expos^e au 
soleil, s’entoure d’un nuage vert de bonelline. 

PhyUodocine. Le pigment vert du tegument de Phyllodoce viriMs ou P. landmsa 
(Ann^lide polych^te), nomm^ phyllodocine par MacMunn (1889), ne pr&ente pas 
de bandes d’absorption caract^ristiques. Abeloos & Teissier (1926) disent que ce 
pigment, en grains figur&, est soluble dans I’eau et dans I’alcool, un peu soluble 
dans I’^er. II est vert en milieu acide, rouge en milieu alcalin. 

Pigments d’Eulalia viridis. MacMunn (1889) avait cm le pigment t^gumentaire 
d* Eulalia viridis (Annflide polychfete) identique k la phyllodocine. Ceci ne peut 
fetre exacte, d’apris nos observations. Le pigment est soluble dans l’6ther et passe 
dans le bicarbonate avec une couleur bmne. La phyllodocine, au contraire, ne passe 
pas dans le bicarbonate, ni dans la soude. Repiis par Tither et filtri sur une colonne 
de chaux, le pigment d'EulaUa donne deux anneaux bruns. II y a en outre un pig- 
ment vert, insoluble dans le bicarbonate, mais soluble dans la soude avec une 
couleur violette. Aucun de ces pigments ne poss&de une fluorescence. 

Pigments de Thalassema lankesteri, Hamingia arctica et Aeolosoma tenebrarum. 
Deux Giphyriens, voisins de la Bonellie, ont ^galement la peau color^e en im vert 
intense. C’est Thalassema lankesteri et Hamingia arctica doni le pigment serait le 
m&ne, d’apr^ Ray-Lankester (1898). La “thalass^mine” n’a pas de fluorescence 
et ne posside qu’uneseule bande d’absorption (vers 617 m/i.). Elle est done endure- 
ment diflSdrente de la bonelline (Newbigin, 1898). 

Le tegument de TOligoch^te Aeolosoma tenehranm contient des gouttes d’huile 
colordes en vert. Le pigment est soluble dans les acides faibles; virage au rouge 
pourpre par addition d’alcali; pas de bande d’absorption (Beddard 1889; Griffiths, 
1898). 
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V. FLAVINES 

A rexception de Taquoflavine de Koschara (1936), toutes les flavines naturelles 
se sont avdr^es identiques i la lactoflavine, C17H20O8N4 (XXI\’). (Pour la chimie 
de la lactoflavine voir Kuhn, 1935, Karrer, 1939.) 
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XXIV. Lactoflavine 


Le rdle biologique de ce pigment est bas6 essentiellement sur sa participation 
aux ph^nom^nes d’oxydo-reduction de la cellule. La lactoflavine exerce le plus 
souvent son action comme groupe prosth^tique de “ferments jaunes” qui effectuent 
la d6shydrog^tion de Tacide hexosephosphorique, la deamination de Talanme, 
la dehydrogenation de la xanthine, etc. Dans ces groupes prosthetiques, la lacto- 
flavine est lie k Tacide phosphorique et, par son intermediaire, k des bases puriques 
ou pyridiniques. (Voir Bigwood, 1935 ; Fontaine, 1938 ; Warburg & Christian, 1938 ; 
pour le dosage, voir Gourevitch, 1937 ; et Lunde, Kringstad & Olsen, 1939.) 

II est probable que la plupart des cdlules vivantes ont besoin de flavines et en 
contiennent une certaine quantity. Les parasites vivant en anaerobiose ne contien- 
nent pas plus de flavines que d’autres Invertebre vivant k Vair Ubre. 

Drilhon & Busnel (1939) ont trouv6 que la flavine est concentre chez les Insectes 
dans les tubes de Malpighi surtout. La teneur en flavine augmente au coura du 
ddveloppement. Dans les crypto-n6phridiens, la flavine se trouve le plus souvent 
li^e & des prot6ines et accompagne d*un corps k fluorescence bleue (voir Goureitch, 
1937). C’est chez les Insectes se nourriasant de v6g6taux frais que la teneur en 
flavine des tubes de Malpighi est la plus dlev6e. flavines jouent-elles un r 61 e 
dans ces organes, ou sont-elles seulemwit d^posdes comme produits inutiles ou 
destinies & Stre excrit^es? On ne le sait pas; mais on peut croire qu’elles prennent 
part au m^tabolisme azote intense de ces glandes. 

La lactoflavine joue aussi chez les Insectes le r 61 e d*une vitamine (Trager & 
Sabbrarow, 1938). Les larves des Moustiques de la fi^e jaune ont, en effet, besoin 
d*un apport de flavine (et de vitamine BJ pour se d^velopper normalement; une 
metamorphose normale n’est assuree qu’en presence d’un complexe de flavine et 
purine. 

Bierry & Gouzon (1937) ont mesure le spectre de fluorescence d’un pigment 
d*Holothuriaforskali qui est jaunc et a une forte fluorescence verte (axe & 53a m/*.). 
Ce corps n*est pas une flavine. II est trfes sei^ble i Taction des bases et des addes; 
Krukenberg(i883) le compte parmi les “uranidines”, groupe de pigments pr^m^la- 
niqu». Nous avons bien pu confirmer les donn^es de Bierry & Gouzon, mais pas 
celles de Krukenberg. 
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VI. PTfiRINES 

Les pt^rines sont r^pandues surtout chez les Insectes; elles constituent le 
pigment jaune des Gufipes et les colorations blanches, jaunes et rouges de beaucoup 
de Papillons, surtout des Pi^rides (Hopkins, 1889-94; Wieland & Schdpf, 1925; 
Schopf & Becker, 1933). tine pt^rine (I’uropterine) se trouve aussi dans Purine et 
dann differents organes des Vert^br^s (Koschara, i 93 ^)- pigment se trouve 
6galement dans Pherbe et serait synthdtis^ par Porganisme humain (Koschara & 
Haug, 1939). 

Les ptdrines sont des d^rivfe de la purine et contiennent de 30 k 40 % d’azote. 
Ce sont des compost plus ou moins hydrosolubles, et insolubles dans les solvants 
organiques. Elles sont amphotkres, plus solubles dans les addes et lea bases faibles 
que dans Peau pure. Quelques-unea cristallisent bien, d’autres n’ont 6t6 obtenues 
que sous forme de d6riv^ cri8tallis6s ou d’amas microcristallins. Leur point de 
fusion n’est pas bien d^fini et on n’est pas parvenu k en preparer des ddrivea carac- 
tdiatiques. Ainai Pidentification de ces corps est fort diffidle; il faut souvent se 
contenter de les caract^riser par leur teneur en azote, leur spectre d’absorption, leur 
fluorescence et leur comportement envera des adsorbants (Schopf & Becker, 1936). 
II est mSme plus prudent de consid^rer des termes comme “xanthopterine” ou 
“6rythropt^rine” plutdt comme designation d’un groupe de corps trks voisins que 
comme nom d’un pigment pur. 

Hopkins (1889-92) a iti le premier k isoler le pigment blanc des ailes du 
Pieride du diou {Pieris brassicae), et la xanthopterine, pigment jaune des ailes de 
Gonepteryx rhamrd L. H a cm que le premier n’etait autre que de Pacide urique, 
et a montre que le deuxikme en est un ddriv^. Schdpf & Wieland (1926) ont trouv6 
que le premier, la leucopt^rine, n’est pas Pacide urique, mais bien un pigment d6flni. 
Wieland & Schdpf (1925), puis Schdpf & Becker (1933) ont ^di6 la xanthoptdrine 
qu’ils ont dkcouvert 6galement dans le tegument des gudpes, et Schdpf & Becker 
(1936) ont d^crit plusieurs nouvelles pt^rines, dont P6rythropt6rine, pigment rouge, 
est le plus important. Becker & Schdpf (1936) ont ^abor6 des m^thodes micro- 
chimiques permettant d’isoler et de distinguer les diff^rentes pt6rines. En mdme 
temps, Koschara (1936) isole Puropt^rine de Purine humaine, pigment jaune proba- 
blement identique k la xanthopt^rine. 

On ne sait rien de precis sur le rdle physiologique des pt^rines chez les Insectes. 
Becker (1937) a trouv6 que ces pigments ne sont pas excr^t^s par les tubes de 
Malpighi et ne peuvent done pas dtre consid^r^s comme produits d’excr^tion 
proprement dit. ' 

Plusieurs m^oires traitent du rdle de Puropt^rine chez lea Mammifkres (Wolf 
& Tschesche, 1937; Koschara & Hmbesch, 1939; Koschara & Haug, 1939). 
L’uropt^rine jouerait un rdle de donateur d’hydrogkne dans le m^tabolisme 
oxydatif des amino-acides et des purines. Ce rdle parait d’autant plus vraisemblable 
que Puropt 4 rine est r^duite de fa9on reversible par le glutathion (Koschara, 1936). 

La leu£optirine (C19H19O11N15 ou QjH^OuNu) a d’aprks Widand et dL, (1933) 
une des formules XXV. La leucopterine donne la reaction de murexide, elle 
foumit trois molecules d’acide oxalique derivees des ponts reunissant les trois 
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noyaux puriques. L’hydrolyse par I’acide chlorhydrique k 170° donne trois molecules 
d’ammoniaque de plus que I’hydrolyse de I’acide urique. Chaque noyau purique de 
la leucoptdrine rdagit avec le chlore et Talcool avec formation d’un ether glycolique 
comme I’acide urique. Fromherz & Kotzschmar (1938) se prononcent plut6t pour 
la formule A qui correspondrait mieux au spectre d’absorption de la leucopterine ; 
mais ils pensent que les noyaux sont plus fortement liw les uns aux autres. 

On prepare la leucopterine par extraction ammoniacale des ailes d^graissees de 
Pieris hrassicae. L’extrait, evapor^ ^ un petit volume, ddpose la leucopterine amorphe 
que Ton obtient sous forme de cristaux apres dissolution repetee dgna la soude et 
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XXV. Leucopterine 


precipitation par de Tacide (215,000 papillons ont foumi 1164 gr. d’ ailes, 40 gr. de 
produits bruts et 16 gr. de leucopterine cxistallisee). 

La leucopterine donne un sel disodique jaune, bien cristallise. Four la prepara- 
tion de drfferents derives et une etude detailiee de ses reactions voir Wieland et al. 
(1933), ainai que Wieland & Kotzschmar (1937). 

La leucopterine est accompagnee dans les extraits des ailes de Pieris hrassicae 
d’une anhydroleucopterine contenant trok molecules d*cau de moins. 
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Schopf & Becker (1933) ont trouvd la leucopterine daiis les ailes de Goncpteiyx 
rhmnm et dans les parties blanches des ailes de Euchloe cardaniines. Les sels dc 
sodium de leucopterine de diflFerentes provenances ont une teneur en sodium 
variant de 6, 3 k 9, 4 %. Schopf & Becker pensent qu’il existe au inoins deux 
leucopterines isomeres d’acidite diff^rente; ils appellent leucopt6rinc a, ccllc dont 
le sel de sodium contient le moins de sodium, leucoptdrine b, I’isomdre dont le sel 
de sodium a la plus forte teneur en sodium. 

Guanopthine. Ce corps, CioHaoOaNao ou CioHaaO^Nao, trouvd par Schopf & 
Becker (1936) dans les aUes de Appias nero^ Catopsib'a argante, Euchloe cardamines 
et Gonepteryx rhamni, est dgalement incolore et cristallise sous forme de fines 
aiguilles. Son sulfate est peu soluble et cristallise bien. La guanoptdrine ressemble 
k la guanine, comme la leucoptdrine ressemble k l*acide urique. Elle en diffdre par 
sa grande tendance k cristalliser, par sa solubilitd dans rammoniaque et par sa plus 
grande ten eur en azote. Comme la guanine, elle ne donne pas la rdaction de murexide. 
La rdaction de Weidel au chlorate est positive comme pour la guanine. La guanine 
n’a pas de fluorescence. Elle contiendrait d’aprds Schopf, Becker, et Reichert trois ou 
quatre groupements de 2 : 5 diamino-pyrimidine, XXVII ; dans CatopsiUa argante, C. 
rurina et C. statira, la guanoptdrine eat accompagnde de xanthine (Purrmann, 1939). 

Misoptirine. Les propridtds (couleur, solubilitd, teneur en C et N, 39 % de C, 
3 % de H, 36 % de N) de ce corps faiblement basique, le placent entre la leuco- 
ptdrine et la xanthoptdrine. Schflpf & Becker (1936) Pont isold sous forme de 
cristaux presque incolorea k partir des ailes des fcmdles de Gonepteryx rhamni et du 
tdgument de Vespa germamca. 

XanthopUrine, On peut obtenir ce pigment jaune (C19H18OBN10) k Petat pur 
sous forme de son sel de barium C^iiuOTNi^{Beil2\ ddrivd d’un hydrate. Par 
ddcomposition de ce sel op obtient difldrents hydrates de la xanthoptdrine egalement 
cristaUisds. La xanthoptdrine donne la rdaction de murexide. Son spectre d’absorp- 
tion prdsente deux faibles bandes vers 370 et 390 mp. (dans Padde acetique glacial) 
et une forte bande vers 280 mp,. correspondant aux noyaux pyrimidiniques. 

L’identification de la xanthoptdrine est facilitde par sa fluorescence (jaune en 
solution faiblement acdtique, bleu-clair en solution neutre et bleu-vert en solution 
carbonatde) et son comportement envers des adsorbants (Becker & Schopf, 1936; 
Koschara, 1936). Une solution de xanthoptdrine dans le mdthanol contenant o*oi % 
d’HCl, donne sur Paluraine ime zone jaune ayant une fluorescence jaune-vert 
intense en lumidre ultra-violette. La longueur de cette zone est k peu prds propor- 
tionnelle k la quantitd de la xanthoptdrine. On ne peut plus dluer le pigment; U est 
ddcomposd dans Padsorbat. La xanthoptdrine est dgalement adsorbde sur la fran- 
conite et peut en dtre dlude sans destruction. 

La prdsence de la xanthoptdrine k c6td de la leucoptdrine et sa composition 
analogue indiquaient ddjk une parentd dtroite entre deux corps. Cette parentd a dtd 
prouvde en 1939 par Wieland & Purrmann. L’oxydation de la xanthoptdrine par 
Peau oxygdnde donne un corps incolore cristallisd, QujHaQOioNi,, dont les propridtds 
et la formule brute rappellent la leucoptdrine. C’est en eflfet une imino-leucoptdrine, 
c’est-k-dire une leucoptdrine dans laquelle k un atome d^oxygdne se substitue le 
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groupement — ^NII. L’action de I’acide nitreux remplace dans la leucopterine 
30=NH par 3 C= 0 . L’imino-leucopt^rine donne la mfeme reaction avec quatre 
groupes C=NH; dans les deux cas, le produit de reaction, la desimino-leucopt^rine 
est identique. Le squelette des deux ptdrines est done le mcme ; dans laiiiantliopterine, 
un groupe NH remplace un atome d’oxyg^ne de la leucopterine. Si on Tenieve par 
hydrolyse, on obtient un corps CijHigOgNu, contenant trois alomes d’oxygfene de 
moins que la leucopterine. L’oxydation par introduit ces trois atomes; ceci 
correspond ^ la transformation de trois molecules de xanthine en adde urique. La 
xanthopterine serait ainsi xm derive de la xanthine, comme la leucopterine eat un 
derive de I’acide urique (XXVI). Reate k eiuddcr comment les trois noyaux de 
purine sont attaches les uns aux autres. 
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XXVI. Xanthopt^e 


Schopf & Kottler (1939) ont dtudie Paction de I’acide chlorique sur laxanthopterine 
et ont obtenu trois molecules d’oxalyl-guanidine HOOC-— CO — NH — C=NH 
provenant des trois noyaux de pyrimidine de ce pigment. 

Les reaultats de I’hydrolyse par I’adde chlorhydrique amenent Schdpf, Becker 
& Reichert (1939) k supposer la presence dans la xanthopterine de deux noyaux de 
2 : 5 diamino-pyrimidine (XXVII) et d’un noyau k structure quinoide (XXIX). 

N==CH 

CNH, 

XXVII. a :s Diamino-pyrimidine 


D’apres Schdpr, Kottler & Reichert (1939), la xanthopterine des Pierides serait 
liee k I’allantoine sous forme d’un compile hydrolysable k la baryte. Un exemplaire 
mile de CatopsiUa ruruia contiendrait 0*33 mg. d’allantoine pour i’3 i 2*4 mg. de 
xanthopterine. 

Chrysopterine. La composition chimique et quelques proprietes de ce pigment 
orange (CigHj^OgNiJ, isoie par SchSpf & Becker (1936) k partir de Gonepteryx 
rhamnif le placent entre la xanthopterine et I’erythropterine. II pourrait fitre une 
xanthopterine dans laquelle deux groupes NH seraient remplaces par 2O; ceci 
expliquerait sa plus grande acidite. Ses solutions dans I’acide acetique njz et 
I’HCl n/250 ont une fluorescence violet-bleue comme I’erythropterine. EUe se fixe 
plus fortement que la xanthopterine sur I’alumine et, adsorbee, presente une 
fluorescence vert-jaune comme celle-cd. Le sel de barium de la chrysopterine est 
amorphe, brun-jaune et plus soluble que celui de la xanthopterine. 
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EryihroptSrine. Ce pigment est la plus fonc^e des pterines et se trouve dans les 
parties rouges des ailes de plusieurs Pidrides {Appias nero, Euchloe cardanunes^ etc.). 
Des colorations orang^es, comme cedes des mMes de Catopsilia argante et Colioi 
edusa^ sont dues k des melanges d’^r3rthropt6rine et de xanthoptcrine (Schopf & 
Becker, 1936). 

On prepare I’^rythroptdrine par extraction ammoniacale et precipitation par 
I’adde chlorhydrique. On purifie le produit brut par dissolution et precipitation 
rep^tde et obtient ainsi des preparations microcristallines contenant de 30 33 % 

d’ azote. L’erythropterine est caracterisee par sa couleur rouge (bandes d’absorption 
vers 450, 420 et 300 m/A.), par sa teneur en azote relativement faible, par sa fluorescence 
violet-bleue (dans Tacide acetique 71/2) et par son adsorbabilite. En solution faible- 
ment acide, elle se fixe sur I’alumine plus fortement que la xanthoptcrine, en une 
zone mince a5rant une fluorescence brune; cependant I’adsorption detruit le pigment. 
L’erythropteirine se transforme facilement en un produit violet, amorphe, peu 
soluble dans I’ammoniaque et mieux adsorb^ qu’elle-mSme. 

La composition d^mentaire, ainsi que la position des bandes d’absorption, 
varient pour diflf&rentes preparations d’erythropterine; il existe probablement 
plusieurs erythropterines peu differentes Time de I’autre. La formule de ces corps 
est k peu pr^s CuHi7_igOg_ioNig_ji; la somme des atomes d’azote et d’oxygenc doit 
etre de 20 ou 21. 

Schopf, Becker & Reichert (1939) ont etabli des rapports chimiques ctroits entre 
rerythropterine et les autres pterines en etudiant la scission par I’acide chlor- 
hydrique. L’acide urique et la xanthine doiment chacune plusieurs molecules 
d’ammoniaque, de gaz carbonique et une molecule de glycine (XXVIII). La 
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XXVIII. Hydrolyse do I’acide urique 


guanopterine donne quatre molecules de glycine, la leucoptcrine trois, la xantho- 
pterine deux, et rerytihropteiine une seule. Ceci etabli, Schfipf, Becker & Reichert 
ont pense que la xanthopterine el rerythropterine pourraienl contenir en outre des 
noyaux fournissant de la glycine, d’autr^ noyaux isomeres de structure quinoide 
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XXIX. Forme quinoide et sa r^ducdon 


(XXIX) ne fournissant pas de glycine k Bhydrolyse. Cette structure expliquerait en 
outre la couleur de cm pterines. Par reduction on devrait pouvoir les transformer en 
noyaux “normaux” dormant de la glycine. L’expdrience a v&ifi6 cette hypothise. 
La xanthoptcrine et I’CrythroptCrine sont dCcolorCes par I’action de zinc et de I’acide 
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fonnique et les produits de rdduction foumissent alors trois molecules de glycine 
k rhydrolyse. La xanthopt^rine contient done deux noyaux de 2:5 diamino- 
pyrimidine normaux et un de structure quinoide (couleur jaune); r^rythropterine 
contient un noyau normal et deux noyaux quinoides conjugues (couleur rouge). 

Autres pterines, Becker & Schopf (1936) ont trouv 4 deux pt^rines, Tune incolore, 
amorphe, Tautre cristallisable, dans les ailes du Neuropt^re Ascalaphus libelhides. 
La premiere donne une forte reaction de murexide et a une vive fluorescence bleu- 
violette. Elle diff^re de la leucopterine par son sel de sodium incolore et par son 
fort pouvoir r^ducteur; la deuxi^me a un sel de sodium 6galement incolore et 
contient 48-3 % d’azote. Un pigment analogue, maia non identique, se trouve dans 
les taches blanches de Thypoderme de Lasiopticus pyrastri, Dans Catopsilia argante, 
une “pt6rine acide” accompagne la xanthopt^rine. 

Pig?nents des yeux de Drosophila melanogaster. La coloration des yeux de 
Drosophila melanogaster qui joue un grand role dans les travaux des gdn^dciens, est 
due, d’apr^ Schultz (1935), k deux pigments hydrosolubles, Vun jaune, I’autre 
rouge. Nous avons purifi6 le pigment rouge d’une souche sauvage; il semble qu’il 
ait une parente avec lea pterines. Cette “drosoptdrine” est plus fonede encore que 
rdrythroptdrine (bande d’absorption k 465 m/i.. dans 1‘eau) ; elle n*a pas de tendance 
k cristalliser. Purifite par precipitation sous forme d’un sel d’argent, par extraction 
au phenol et par les m^lhodes de SchSpf & Becker, elle se presente sous forme d*une 
poudre, rouge fonc^, ayant 4a % de C, 5*5 % de H et environ 19 % de N. Elle 
est accompagnde d’un corps incolore k forte fluorescence bleue rappelant celui 
observe par Schopf, Kotder & Reichert (1939). 

Rappelons k ce sujet les travaux sur une hormone qui provoque la formation de 
pigment d’yeux chez la Drosophile et cb^ Ephestia (Khouvine et al. 1936 ; Elhouvine 
& Ephrussi, 1937; Khouvine et al, 1938; Becker, 1938). 


VII. MJgLANINES 

Les mdlanines, trks repandues chez les Invert6br^, ont resist^ jusqu’ici k une 
etude chimique approfonthe. L*int6r6t principal se concentre id sur leur forma- 
tion et sur les produits interm^diaires. 

Formation des milanines. On est d’accord, en gdidal, pour consid^rer la 
mdanogdnkse comme un phdnomkne enzymatique, dfl k un ou plusieurs ferments. 
Le plus r6pandu, la tyrosinase, est d’aprks Dalton & Nelson (1938), une protdne 
cristallisable contenant du cuivre (voir aussi Kubowitz, 1938 a, k). Les rapports 
entre tyrosinase, catechol-oxydase et deshydrogdiases sont encore assujetds k des 
discussions (CaHfano & Kertesz, 1938) et ddpassent le cadre de la prdsente revue. 

Le mecanisme de la meianogenkse (XXX) a ete dtabli par Raper (1927^ voir aussi 
Dulikre & Raper, 1930). 

Pour une revue des nombreux travaux biologiques sur la formation delameianine 
chez les Invertebres, et la mdanogenkse non-fermentaire voir Verne (1926). 

Produits intermidiaires. Le produit mtermediaire rouge (XXX) est identique k 
pigment du Ver polychkte, Holla partheTwpaea, isol6 par Mazza & 
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Stolfi (1931). Ce pigment est rouge k im infcrieur h. 8*3 et vert ^ un /)H plus 
alcalin. La forme rouge est soluble dans I’^cool amylique, la forme vertc, dans I’eau 
seulement. Ce pigment peut etre rdduit et oxyd6 rdversiblemcnl; il augmente de 
plusieurs centaines de % la respiration des aufs d’Oursins non-ferliliscs et des 
CEufs d^Ascaris fertilisds (Friedheim, 1933)- 

Un pigment analogue, ddrivd de radrdnaline, est V adremchrome (Green Sc 
Richter, 1937). Ce corps se transforme in vitro facilemenl cn mclanine; il est 
possible que ce phdnomdne ait aussi une importance in vivo (Stefl, 1931). 

Citons encore un pigment violet dans la rStine de Cephalopodes trouvd par 
lurukenberg (1878) et dtudid rdeemment par Escher-Desrividres et al. (1938). Par 
sa localisation dans les franges de rdpiAdlium pigmentaire, par ses caraetdrea 
morphologiques et ses migrations le long des franges de rdpithclium, il se 
rapproche des mdlanines rdtiniennes des Vertebrds. Il en diffdre cependant par 
sa couleur et sa solubilitd dans les alcalis faibles. Il diffdre aussi du pourpre rdtioien 
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XXX. Mdlanogdn^ 


Melanine 


des Vertdbres par sa stabililc ^ la lumidre et par I’absence de vitamicic A. Le 
pigment a le caraetdre d’un chromoproteide. Le groupe prosthdtique est dgalcment 
violet et contient 8 % d’azote. r n e 

Verne (1923) a dtudid chez les Crustacds Ddcapodes un '^pigment amino~acide*\ 
R fo^ sur Panimal des granulations variant du blanc sale au jaune plus ou moins 
lonce et capable de se transformer en mdlanine. 

Il faut d^^ent mentionner ici les « Uramdines^* de Krukenberg. pigments 
plusieurs Invertdbrds (Corails jaunes, Sponges jaunes, Holothuries, 
Anndlides, Asddies, etc.) qui se transformeraient en pigments mdlaniques. Nous 
pensons que les eictraits d'uranidines contenaient un mdlange de pigments dont la 
plupart n avaient que peu de rapport avec des mdlanines. Prenant (1922) attribue 
ime struc^ qumonique k certains de ces pigments, trouvds dans le tdgument de 
^^ues Prosobtanches {Littorina, Calyptraea) et AnndUdes {Serpula, Polydora, 
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VIII. PIGMENTS DIVERS 


Poiirprc des Mollusques. Les Gast^ropodes Purpura haemastoma^ P. papilluSy 
Murex brandaris, M. trunculiis et M. crinaceus ont send dans I’antiquite k la fabrica- 
tion de la pourprc. Ce pigment est sdcrdt6 k Tctat de chromogine incolore par la 
glande ^ pourpre qni se rattache aux glandes hypobranchiales. L’irradiation du 
chromog^e produit une coloration verte, qui vire an bleu, puis au rouge-pourpre. 
Pour Dubois (1909) un ferment (purpurase) joue un r 61 e dans la genfese du pigment 
k partir du chromogfene. Friedlander (1909) a obtenu la pourpre k I’etat cristallise, 
et en a effectud la synthdse. C’est un 6:6'-dibromo-indigo (XXXI). 
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XXXI. Pouiprc antique 


Pigments indkateurs de pH. Plusieurs auteurs ont ddcrit des pigments d’lnvertd- 
bres caraetdrisds par des virages de couleur k diffdrents pH. Leur constitution 
chimique dtant inconnue, nous les reunksons id dans un mdme chapitre. Rappelons 
toutefois que plusieurs pigments dont nous avons parld plus haut, changent de 
couleur k diffdrents pH. 

Moseley (1877) a trouvd chez un Planaire terrestre (Rhynchodemus) un pigment 
bleu qui vire au rouge en milieu adde; plusieurs autres pigments intdressants 
colorent les Vers; le mdmoire de Dhdrd 85 Fontaine (1932) en contient une dnumdra- 
tion complete. 

Crozier (1916^^, 1918) dtudie la permdabilitd de diffdrents addes dans les 

cellules vivantes du Nudibranche Chromodoris zebra dont le pigment bleu vire au 
rouge k unpH de 5*6. 11 dtudie aussi les pigments indicateurs de VeleUa^ MeUta et 
Siichqpus. 

Abeloos & Teissier (1926) ddciivcnt le pigment d*Antedon bifidat qui existe dans 
les pinnules sous deux formes: granulations roug^ ou mottes d’un jaune verd&tre. 
Le pigment rouge ^t soluble dans Teau, insoluble dans rdther. Sous Tiniluence 
des bases, la coloration vire au violet et le pigment prddpite. Sous Paction des acides 
la coloration passe au jaune. Si le pigment de la varidtd Jaime prdsente les mdmes 
caraetdres de solubilitd que le pigment rouge, il n’ofire pas de changements de 
couleur k diffdrents pH. Mais soumis k rdbullition avec un alcali, il se transforme 
en un pigment qui prdsente toutes les variations de coloration du pigment rouge, 
et semble lui dtre identique. 

Le pigment verdktre du pied d!HaUotis tubercidata est, d’aprds Abeloos & 
Teissier (1926), soluble dans Palcool, insoluble dans rdther; il est jaune verddtre 
en milieu adde, rouge en milieu alcalin. On peut le rapprocher, peut-dtre, des 
pigments biliaires, ainsi que le pigment de la tunique de Styelopsis grossulariaf qui 
est rouge k I’dtat naturel, soluble dans Peau et dans Palcool. Ses solutions sont vertes 
en milieu adde, rouges en milieu alcalin (Abeloos & Teissier, 1926). 
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Payne (1930-1) a r&um6 lea travaux ayant trait aux pigments des Hydraires et 
d^rit ceux des Sertulariid^. Plusieurs pigments jaunes et bruns, solubles dans 
I’eau et I’alcool, peu solubles dans P^her, se d^colorent ^ un pH inf^rieur k 6*5. 
Sertularia argentea contient un corps incolore en solution neutre ou adde, qui 
devient jaune k pH 8, orange kpH 8*5 et brun k pH 10. Lc pigment de Sertularia 
pumUa est brun k Vetat alcalin et neutre, jaune k pH 6 -$ et incolore k pH 4. Voir 
aussi Teissier & Volkonsky (1929) sur les pigments de I’Hydrairc Sertularclla et 
I’fiponge Clathrina. 

Haurowitz & Waelsch (1926) ainsi que Kropp (1931) ont d^crit le pigment bleu 
de VeleUa spirans^ qui vire au Jaime, puis rose et rouge aprks acidification. 

Just (1939) mentionne un pigment de I’Echinoderme Eclunarachnim qui est vert 
en solution alcaline et pourpre en solution acide. 

DC R^SUMg 

1. Carotetmdes. Ces pigments sont beaucoup moins stables qu’on ne le croyait 
il y a quelques annees. Ils s’isomdrisent spontan^ment, s’oxydent en milieu alcalin 
et se d^composent en milieu acide. Ils se trouvent surtout dans les glandes sexuell^ 
et les oeufs des Invertdbrds et y jouent peut-fetre un r 61 e biologique important. 

2. Quinones. Les pigments d’Oursins Isolds rdcemment (dchinochrome, spino- 
chrome et autres) sont des oxy-naphtoquinones. L’dchinochrome, swardtc par les 
oeufs d^ArbaciOi active les mouvements des spermatozoides et les attire vers roeuf. 
Les naphtoquinones miritent un grand intdrit biochimique depuis que Ton sait 
qu’ils peuvent agir comme vitamine K (antihemorragique). 

Les pigments des Aptkres du genre Coccus (cochenille, kermks et adde lac- 
caimque) sont des ddrivds de I’anthrachinone. Leur r6le biologique est inconnu. 

3. Figments pyrroUques. (a) Porpkyrines. II existe chez le Lamellibranche -Ptenfl 
radiata une porphyrine caractdristique, la conchoporphyrine, qui est en quelque 
sorte un interm^diaire entre I’uroporphyrine et la protoporphyrine. Des porphyrines 
colorent en outre le tegument de quelques Vers. 

(6) Pigments hiUcdres. Les Invertdbr^s contiennent souvent la biliverdine ou 
des pigments analogues. Nous d^crivons en ddtail plusieurs pigments spccifiques 
appartenant plus ou moins dtroitement aux pigments biliaires. Ce sont: la nifine 
du tdgument de la limace rouge, Arum rufus, la rufesdne de la coquille d*HaIiotis 
rufescens, les pigments bleu-verts de la coquille d'Haliotis califomiensis^ la calliactine 
de 1 Andmone Sagartia parasitica^ les pigments violets de la sdcrdtion d!Aplysia et 
un pigment vert des ailes de Ldpidoptkres. 

(0) Diriois de la ckhrophyUe. Les a)lorations vertes des Invertdbrds peuvent 
dtre duM soit k des algues symbiotiques, soit k la presence de chlorophylle alimen- 
taire, soit k des pigments spdcifiques rdsultant d’une transformation de la chloro- 
phylle. Parmi ces denuers, la bonelline, pigment du Ver BonelUa viridis est le plus 
intdresaant; c’est une mdsochlorine naturelle. Plusieurs autres espkces de Vers 
contiennent des pigments tdgiunentairw verts peu dtudids. 

4* Fhannes. Pour les Insectes, la lactofiavine est une vitamine comme pour les 
Vertdbrds. Elle s’y trouve accumulde surtout dans les tubes de Malpi g hi. 



Les pigments des Invertibrds 301 

5. Ptirines. Ces pigments sont r6pandiis surtout chez les Insectes. Les plus 
importants sont: la leucopt^rine des ailes du Pidride du chou, la xanthopt^rine des 
ailes de Gonepteryx rhamni et du tdgument des gu^pes, et rdrythroptdrine des taches 
rouges des ailes d'Euchloe cardamines et autres. Ce sont des d6riv& de la purine. 
Les pterines ne sont pas des produits d’excrdtion; elle prendraient part au m^ta- 
bolisme azot6. 

6. Milaiunes. Ces corps ne se prfitent que difficilement ^ T^tude chimique. Ils 
se forment par action de la tyrosinase, ferment contenant du cuivre. Le Ver HaUa 
parthenopaea contient un pigment rouge, I’hallachrome, que Ton peut consid6rer 
comme stade interm^diaire de la formation de m^lanines ^ partir de la tyrosine. 
Un autre produit interm^diaire serait le pigment violet de la rdtine des C^phalopodes. 

7. Pigments divers, (a) La pourpre de certains Gasteropodes est un dibromo- 
indigo ; le pigment est s^r^t^ sous forme d’un chromog^ne incolore qui se trans- 
forme en pigment par action de la lumi^re. 

(b) Les pigments indicatewrs de pR sont tr^s r^pandus chez les Invert^brds. Ils 
appartiennent aux classes les plus diverses (phenols, quinones, d^riv^ pyrroliques 
et autres). 
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THE PRIME VARIABLES OF MEIOSIS 
By C. D. DARLINGTON 

(John Innes Horticultural Institution, Merton) 

{Received 20 December 1939) 

Meiosis is a method of nuclear division leading to an orderly reduction of the 
chromosome number. It is coextensive with sexual reproduction and in the sexual 
cycle it compensates for fertilization. These statements provide us with a minimum 
definition of the process. Beyond this we know that it does not follow precisely 
the same course in any two species, or indeed, for many species, in any two of their 
cells. We also know that beneath this diversity there is a uniformity of form and 
action in meiosis which although less obvious is not less significant. This uniformity 
we have to understand first. It bears witness at once to a common origin in the 
evolution of the organism and to a common rule in the mechanics of the cell. 

The assumption of this common origin and this common rule gives the name of 
meiosis a meaning and a use. It enables us to set about understanding the process 
and discovering indeed what the origin was and what the rule is. For this purpose 
we first have to establish a basis of comparison ; we have to take a basic type of meiosis. 
The criterion of such a basic type is that it should occur more widely than any other ; 
that indeed none of the great groups of plants, animals and protista should entirely 
escape from it. Using this type we may legitimately approach our two problems. 
First, to discover by the comparison of meiosis with a similar basic type of mitosis, 
from which it must be supposed to have arisen, how this evolutionary change took 
place. Secondly, to discover how the series of events that characterize meiosis can 
be arranged in a regular causal sequence. 

Our basic type of mitosis is necessarily defined as a method of separating the 
pairs of chromatids, derived from earlier ^vision of chromosomes, into two equi- 
valent daughter nuclei by the division of their centromeres. Its universal character 
depends on bipolarity of reproduction, of attraction, and finally of separation. This 
principle is of course conditional, not absolute. Chromosomes are not bound to 
behave in this way in all cells of all organisms, nor in all conditions, natural or 
artificial. In cells off the beaten track of development we find indefinite reproduction, 
indefinite attraction and no separation. This leads in a simple form to the progeny 
pairing of diplochromosomes which can be imitated experimentally (Barber, 1940^1), 
and in a specialized and adaptive form to the unlimited pairing of certain gland cells, 
which are more remote from our basic mitosis than is meiosis itself. They are more 
remote because, having no future, they are not limited by the requirements of 
genetic continuity which limit the conduct of meiosis and mitosis. 
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When we compare our two basic types of mitosis and meiosis we see that the 
difference between them arises at the earliest stage. The mitotic chromosomes are 
double. The meiotic chromosomes are single. This difference I was originally led 
to assume on the preconceived notion of a common rule of mechanics. It has now 
been tested and found consistent with X-ray analysis. From this single change the 
series of events in meiosis can be represented in sequence. Let me recall what this 
sequence is: 

(1) Prophase begins before the division of the chromosomes; it is precocious. 

(2) Homologous chromosomes, being single, attract one another specifically 
in pairs. 

(3) Paired chromosomes, owing to internal torsion, twist round one another. 

(4) Chromosomes divide, and in doing so upset their equihbrium in cohesion 
and attraction. 

(5) The upset of cohesion leads to breakage, which releases the torsion and 
allows reunion of new pairs of ends, i.e. crossing-over. 

(6) The breakdown of attraction leads to separation and the appearance of 
the points of crossing-over as chiasmata. 

(7) The new attractions between pairs of threads, now chromatids, allow the 
chiasmata to hold pairs of non-attracting chromosomes together. 

(8) Metaphase like prophase is precocious and comes before the centromeres 
can separately orientate and divide. 

(9) Those centromeres which are held together by chiasmata between their 
chromosomes therefore co-orientate in pairs. 

(10) The beginning of anaphase is determined therefore not by the division 
of the centromeres but by the lapse of chromatid attractions. 

This causal sequence applies, so far as we know from combined cytological and 
genetical evidence, to one or both sexes in all sexually reproducing organisms. It 
resolves in terms of a single timing difference, or precocity, the three major contra- 
dictions of meiosis: first pairing at meiosis as against non-pairing at mitosis; 
secondly, co-orientation of centromeres at meiosis as against self-orientation at 
mitosis; and thirdly, attraction at early prophase against repulsion at late prophase, 
this last depending on the double function of crossing-over, which began by being 
physically necessary for the cell and is maintained by being adaptively desirable 
for the species. 

This string of postulates or conjectures rests on a variety of evidences which 
have been separately reviewed elsewhere. They do not of course represent a final 
goal, a permanent statement of the truth about meiosis. Indeed they are important 
not as a record of achievement, but as a plan of attack. They seem to be the only 
proper assumptions to make in the light of our present knowledge, the assumptions 
therefore that have to be tested by prediction and experiment if any progress is to 
be made with this problem by planning as opposed to the more laborious method 
of general attrition. 

The first line of this attack is to continue to apply natural tests. It is to find 
out what are the most widespread and characteristic variations affecting the caus al 
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sequence. From these we shall find out what is inherent in it and what is capable 
of modification, what are in fact the prime variables of meiosis. 

These variables are the ones that affect the first events in the sequence — ^before 
crossing-over takes place. They affect where pairing begins and how far it proceeds. 
In following their action it is convenient to distinguish between two arbitrary 
classes of chromosomes. They are those with the centromeres near one end (S) and 
those with them near the middle (M). The problem may be put in a nutshell by 
comparing the classical examples of two grasshoppers; Stmohothms^ in which 
chiasmata are found in all parts of the chromosomes, and Mecostethus, in which 
they are localized proximally, near the centromere. This difference follows from 
the earlier behaviour. In Stenohothrus we find that pairing begins at the ends in M 
and S without regard to the position of the centromere. In Mecostethus on the other 
hand, where all the chromosomes have their centromeres near one end, we find, first, 
that pairing always begins at this end, and secondly, that it is never complete 
(Fig. I). 

What is the cause of these two differences? Let us take first the incompleteness 
of pairing. Its explanation becomes clear when we compare meiosis in a series of 
species of FriiiUaria. In these we find gradations between the two extremes of 
behaviour, with incomplete pairing and localized chiasmata on the one hand and 
with complete pairing and freely distributed chiasmata on the other. In the inter- 
mediate types there is considerable variation even within the same nucleus. The 
distal parts fail to pair, and fail in a varying degree. And even in species where 
pairing is usually complete the parts hampered in their movement by attachment to 
nucleoli sometimes fail to come together (Darlington, 19356). 

It seems then that in these species pairing begins near the centromere and is 
interrupted before it is complete. There is a time Urmt to attraction beyond which 
pairing ceases. It seems as though prophase had not begun early enough to allow 
the process of pairing to be completed before the chromosomes divide, as though, 
in other words, we were dealing with an intermediate condition between meiosis 
with pairing and mitosis without it. 

Now in FriiiUaria there are both Af and S chromosomes and we should expect 
to find that the M’s having the regions which take the initiative in pairing near the 
middle of the chromosomes, and therefore tethered on both sides, would be slower 
in getting to work than the shorter S chromosomes with pairing regions near their 
ends. And where there is an early time limit they should achieve less pairing and 
fewer chiasmata than the S chromosomes. This is in fact the case in F. Meleagris, 
and other species where localization is extreme (Fig. 5). We might also expect that 
where the time limit did not come too early, distal ends remote from the point of 
first pairing, being freer in movement than the middles, would sometimes come into 
contact and form chiasmata although the intercalary parts remained unpaired. 
Such intermittent or two-point pairing is in fact characteristic of the intermediate 
localization that we find in Mecostethus grossus as wdl as in FriiiUaria EltoesU. We 
therefore find, fiirst, that a gradation of behaviour within the individual shows that 
all parts of homologues are capable of pairing and crossing^over, and secondly, that 
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only such parts will usually pair and cross-over as are enabled by their position to do 
so early, i.e. before the time limit takes effect. 

The question now arises as to whether there can be any other kind of localization 
than a proximal one. If localization is due to interruption of pairing there should be 
two kinds of localization corresponding to the two first contact points or places of 
initiation of pairing, namely proximal or centric and terminal or non-centric, as in 
FritiUaria and Stenobothrus respectively. If we turn to the relatives of Stenobothrus 
we find in Chrysochram the terminal localization that is to be expected with a 
terminal initiation of pairing. M and S chromosomes equally have two chiasmata, 
one at each end. In the S chromosomes of course one of these is next to the centro- 
mere, and the loop produced resembles that in Mecostethus with incomplete centric 
localization. The distinction between terminal and centric localization is not there- 
fore to be determined, not absolutely from the structure of individual bivalents, 
but relatively from statistical comparison, the behaviour of M chromosomes being 
the test of priority or non-priority of the centromere in pairing. There is no evidence 
yet that the centromere can ever have a negative or deterrent effect on the initiation 
of pairing. Its action can be only positive or neutral. And when it is neutral the 
freedom of the ends gives them an inherent advantage. For this reason the anti- 
thesis between organisms in which the centromere is favoured and those in which 
the ends are favoured can be conveniently described BBprocentric agamst proterminal 
initiation or localization. It is possible tl^t there is a third limit of behaviour where 
the start of pairing is free, neutral or indeterminate. 

Protermioal localization is to be inferred in organisms with M chromosomes 
alone, like Allium Cepa and the tetraploid TradescanHa virginianaj as well as in 
organisms of mixed M and 5 types like Chrysockraon. In Tradescantia Patau (1940) 
has shown, in accordance with this view of end-pairing, that the frequencies of 
association of from one to seven chromosomes to be expected in an aneuploid 
interchanged Tradescantia with zz chromosomes can be predicted from the assort- 
ment of each end of each chromosome with a fixed, equal, and independent chance 
of pairing and chiasma formation with each of its two or three possible partners — 
this chance being the pairing coefficient, w. 

We now have to turn from the position types of initiation of pairing to the modes 
of operation of the time limit. The systems of localization we have considered arc 
all characteristic of species. They are due to the action of a time-limit genotypically 
enforced. It is the hereditary property of these species to have both a regular position 
of the contact points and a regular reduction in the time available for pairing to less 
than is necessary for its completion ; to less indeed than is available in related species. 

Can the time limit come into operation by other means than natural adaptation? 
We might suppose that any slowing down of pairing would have the same effect of 
cutting it short. Again the comparative method provides us with the means of 
testing our hypothesis. Mutants, hybrids and tetraploid derivatives can be com- 
pared with their immediate progenitors. But we may begin by considering the 
extremes of variation occurring under supposedly normal conditions ia species 
with usually unlimited pairing. 




Fig. 3. Bivalents of three pollen mother cells of LiUum cattdubtm, classified according to chiasnoa frequency. Above^ pairing nearly 
complete and otherwise procenttic; middle, nearly complete but one bivalent distally localized ; below, unco-ordinated, largely mcomplete 
and thm evidently proterminal. (Unpublished observations of Dr K. Mather.) 
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Fig. 3. Bivalents of three embryo-aac mother cells of LUkan testaceum classified according to the points of contact^ and res^tant 
digt riKntinm of c^hiasmata. N^nmbers of total and terminal f?h»«ii«miify under each bivalent. The nuclei have a similar chiasma 
frequency but differ ent distiibutioa and a general lack of co-ordination (Darlington & Lm Cour, 1940). 
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The first indication of such eflSects is to be seen in Mather’s material of Liliwn 
canMdim. Particular cells may include, along with the normal bivalents having 
three to six chiasmata evenly distributed, others having single chiasmata near the 
centromere as in FritiUaria, and others again with single terminal chiasmata as in 
the tetraploid species of Tradescantia (Fig. 2). A similar exception has been illus- 
trated in TriJlmm ovatim (Warmke, 1937). These sporadic cells indicate the action 
of the time limit in plants with slightly procentric pairing. And further their very 
rarity implies an accurate regulation in the time limit of the species concerned, a 
regulation which being upset in the exceptional cells leads to the interruption 
of pairing before it is complete. 

But there are several oAer possible causes of time limitation. The most obvious 
is the slower or less perfect pairing that is to be expected in structural hybrids. 
Taking the species crosses of LiUtonf in those nuclei with the 40 or so chiasmata 
usual in the parents there is the same even distribution of these chiasmata as in the 
parents. But nuclei having only 10 or 20 chiasmata (and having consequently 
several unpaired chromosomes) show a pronounced change of distribution. The 
chiasmata occur in groups near the centromeres or near the ends. The whole of the 
bivalents in a cell may be of the type found with extreme procentric localization in 
FriiiUaria. Again the M chromosomes, which show an especially increased variance 
in chiasma frequency, suffer most from lack of pairing in these cells (Darlington & 
La Cour, 1940). The selection of cells with low chiasma frequency is thus a selection 
for early time limit and enables us to trace the stages of pairing in an individual 
whose average properties betray no peculiarities in the distribution of chiasmata. 

The same method can be applied to triploids. Average cells of the triploid 
Fritillana latifoUa show little sign of the centric localization found in the diploid. 
The increased opportunities of pairing and consequently increased chiasma 
frequency of the triploid generally mask its localization. Only one of the three 
chromosomes of a trivalent ever shows centric localization. Statistically, however 
(Fig. 3), the M/iS relationship reveak the procentric habit, ilf’s suffer more 
than 5*8 from the procentric localization, as in the diploid. They suffer also in 
another way, namely that they have on the average fewer separate points of contact 
or effective pairing blocks (1*75 as against 2*09). The same property is shown by a 
differait kind of statistical analysis in triploid Hyacinthus (Stone & Malher, 1932). 

In hybrids of species with none but M chromosomes the regular formation of 
only terminal chiasmata has long been recognized. The “loose pairing” of Triiicum- 
AegUqps crosses is of this kind. Evidently in this group pairing begins at the ends. 
We should expect the same proterminal localization in mutants and segregates of 
related cereals with reduced pairihg. Lamm’s inbred rye in fact shows lower 
spirahzation together with the partial failure of metapha^ pairing that is to be 
expected from reduced precocity. Like the wheat hybrids it shows proterminal 
localization increasing as the chiasma. frequency is reduced. Considering TriHcim 
from this point of view we can regard the rare occurrence in T. vulgare of a bivalent 
with five chiasmata as the converse of the occurrence in Ldium candidum of a 
bivalent with only one chiasma (Frankri, unpublished). 
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At this point it may well be asked whether the time limit can be imposed arti- 
ficially. Mather (1934) found that a delayed effect of X-ray injury on Vicia Faba 
was localization of chiasmata as well as an increase in their frequency in those 
segments where they were formed. Barber (1940) by keeping TJvulana pollen 
mother cells in prophase at 30° C. for 2 days has cut short chromosome pairing 
and at the same time produced a procentric localization of such chiasmata as are 
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Fig. 4. Chiasma frequency and diatributioii in two spedes of AUkim, in tbeir cross and in its derivatives. 
Numbers are average frequencies for individuals. In the all types shown may occur m one 
individual. The occurrence of the last type proves that the two preceding types, occurring in 
the same nuclei, are due to localization and not movement. Recombinations in the Ft prove 
that the three prime variables of meiosis are genetically independent in the Fi . There is also 
evidence of inversion and interchange hybridity in the Fi. (After Levan, 1936; Maeda, 1937. 
Reproduced frean Vie Bvobition qf Genetic System, 1939, p. 69.) 

formed. In this plant pairing is normally complete and has not been seen in progress, 
but the effects of its interruption show that it begins near the centromere. Again* 
with procentric localization the M chromosomes suffer more than the shorter S 
chromosomes. The or dinar y rules of proportionality of chiasmata to length, 
Haldane’s interference and Mather’s competition, equally break down when pairing 
is interrupted. 

The genetic basis of these variations is revealed in a diagrammatic way by the 
results of a species cross, Maeda’s (1937) observations on the second generation of 
an AUUm hybrid (Fig, 4). The cross between one species with procentric, and another 










3^6 C. D. Darlington 

with proterminal, localization gave an Fi with protenninal localization. The was 
remarkable both in range and in individual character. To take first mere gross 
chiasma frequency : some plants as usual had a lower frequency than either parental 
species. But others had a higher chiasma frequency, an unprecedented consequence 
of segregation. Examining these plants we find that the reason lies, not in a general 
and evenly distributed increase, but in the removal of localization in some of the 
bivalents. Their pairing has evidently been completed so that chiasmata are formed 
throughout their length. Again we ^ve the converse of the situation in the Lilium 
hybrids. What does this mean? Elements of genotypes determining a reduced 
time limit and different places of contact have been recombined. The recombination 
has in some plants extended the time limit, in others reduced it. And generally 
the uniformity and co-ordination of cells and individuals as to the point of contact 
and the time available for pairing are uj^t. One cell may contain bivalents with 
proximal and with distal localization and with no localization at all. 

The mechanical implications of this breakdown are important. It might have 
been supposed that the terminal chiasmata of Allium Cepa were the result of move- 
ment. But when we see bivalents with such c hiasma ta side by side in one cell 
with others having proximal localization we must admit that movement is respon- 
sible for the positions of the chiasmata in neither case. The metaphase positions 
imply an original localization in species and crosses alike. The same condusion is 
reached by Mather (1939) from a comparison of positions and frequencies of 
chiasmata in many organisms with large chromosomes. 

Parenthetically it should be said that this segregation in the Allium hybrids 
shows a genetic attribute of species not otherwise so clearly demonstrable. The 
meiotic systems of the two parental forms were evidently buffered or balanced in 
^o different \^ys to give two kinds of regular result. This accurate adjustment 
is upset by segregation in the jp2 to give plants with a method of pairing which 
although superficially regular is in detail seen to be unco-ordinated. Hitherto 
co-ordination in the points of contact had been so invariable as to appear inherent in 
the nature of the process. Occasional exceptions like the aberrant FriUUaria 
pontica described by Frankel and those Oenothera trisomics with interstitial 
chiasmata were not flagrant enough to demand an explanation. Now the evidence 
of Allium bears out the indications we have seen in the odd cells of LiUum and 
FriUcum and bears them out overwhelnungly. Co-ordination it appears is one of the 
prime variables of meiosis in spite of being one of the prime invariables of species. 

So fer we have been able to assume that the action of a time limit stops pairing 
prematurely in all these examples of localization and restriction. This explanation 
is simple. It follows directly from the precocity theory and the causal sequence it 
impli^. It has moreover been verified by observation of the active stages in diploid 
Mecostetkus and FrittUana as well as in structurally hybrid and tetrasomic Zea 
mays. The proportion of the lengths of chromosomes associated at pachytene is 
not howevw the only variable at work. We already know that chiasma frequency 
vanes in differ^t clones of FniUlaria imperiahs all with nearly complete pairing. 
Torsion of the paired chromosomes, or whatever else is responsible for their 
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crossing-over potential, must therefore vary. Again, parts of chromosomes, and 
even whole chromosomes particularly, in “asynaptic” mutants of Zea, Crepis and 
Allium (Beadle, 1933; Richardson, 1935; Levan, 1940) can pair at pachjrtene and 
then fall apart without crossing-over. 

It is easiest to understand these abnormalities on the assumption that the torsion 
developed within and between paired chromosomes varies along their length and as 
between different bivalents and different individuals. Torsion would then have a 
certain threshold value for crossing-over, below which it was ineffective, and the 
amount of crossing-over that was to take place, the crossing-over potential^ would be 
proportionate to the amount of torsion above this threshold. 

We must now consider the means that have been used to test these possibilities. 
Other possibilities, such as the conditioning of the threshold, can be set aside for 
the moment. 

If differences in torsion occur in comparable pairs of chromosomes at pachytene 
they must be related to the same timing differences as the all-or-nothing differences 
in pairing, and for the following reason. Unpaired parts of chromosomes can 
develop relational coiling during pachytene. This coiling, when it has taken place 
between two contacts, can still be seen at diplotene in Fritilhxria Ehoestt. Chromo- 
somes can therefore undo their internal twist before they are paired. And it seems 
they are bound to do so likewise if they pair late (although to a less degree). In 
short if they pair late they will pair with their torsion partly lost. Further, the 
association of two chromosomes is not instantaneous, so that different parts will 
have different torsions (cf. Darlington, 1935 A, Fig. 29). The amount of coiling 
surviving at diplotene in asynaptic plants should then correspond to a pachytene 
coiling insufficient to have reached ffie crossing-over threshold. 

There is another and more roundabout way of testing the effects of differential 
torsion. The length proportions of M and S chromosomes are the same within 
narrow limits throughout LUium and FritUlaria — about 10 to 7. In Lilivm specie 
with complete pairing the chiasmata are formed m this proportion. But where the 
pairing is strongly procentric and is interrupted as in many Fritillaria species, the 
proportion changes to equality. As we noted, M's suffer more than iS"s from a 
reduction of pairing. If however there is differential torsion even in FriiiUaria 
species with complete pairing, the unfavourable situation of the M chromosomes 
should express its^, alffiough less strongly, in these species. Frankel’s observations 
leave no doubt that this is so (Fig. 5). 

The same disadvantage overtakes the M chromosomes in Lilium hybrids, which 
are less procentric than Fritillaria species. Here pairing is interrupted before it is 
complete and the earlier it is interrupted the lower the relative frequency of the 
chiasmata in M chromosomes. It seems that the obstacle effects of hybridily fall 
more heavily on the larger chromosomes irrespective of the genotypically deter- 
mined point of contact They demand new points of contact and new movements 
of intercalary parts. In these movements the greater size means the greater delay, 
and the greater delay means the greater chance of the pairing being too late. In a 
different way the same end is reached. 
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In tliinlrin g of the effects of torsion we have to remember the crossing-over 
properties of triploids. In triploids chromosomes pair two-by-two and each chromo- 
some on an average can pair only for two-thirds of its length. Nevertheless the 
aggregate amount of crossing-over per chromosome is generally about the same in 
triploids and diploids. Its distribution however is different, and this provides the 
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Fig. 5. Graph showing relative chiaatna frequencies of M and S chrcanosomes. 3 : a line shows 
approximate proportionality to length. Diploid FritUlaria species Frankel (1940). Triploid 
^UUaria from Darlington (1940). Lilum species from Mather (unpublished). L, Martum 
from Richardson (xinpubhahed). L. testaceum from Darlington & La Cour (1940). 


solution of the problem. For, in triploids, the chromosomes make contact at more 
points independently than in diploids or tetraploids (Upcott, 1939 a). They therefore 
anchor one another and prevent that uncoiling which, with only one point of contact, 
will allow a wastage of crossing-over potential. This conclusion is borne out by 
the disproportionate increase of cbiasm a frequency found in configurations with 
one change of partner, and therefore two points of contact, over simple bivalents in 
triploid TuUpa and in the FriHllma ladfoUa already referml to. 
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This is true of the S type of chromosomes where the two anchorage points are 
usually at opposite ends of the chromosomes. But in M chromosomes the two 
points are close together, on either side of the centromere. The anchorage can have 
no effect in preventing uncoiling. We then find that in these chromosomes the 
change of partner makes no difference to the chiasma frequency. 

Other evidence leads to the conclusion that differential torsion within each pair 
is characteristic of all chromosome pairing and is responsible for a greater deter- 
minacy in the position and frequency of crossing-over than is at first apparent. 
The combined statistical and individual observations of chiasma frequency and 
distribution that Mather (1939) has brought together in discussing competition and 
position-determination indicate that the torsion developed in the paired chromosomes 
is not uniform throughout their length. It has a characteristic relationship with 
the centromere, or perhaps with the place where pairing began, and also charac- 
teristic properties for the nucleus as a whole. 

For these deductions from metaphase chiasmata we have to confine ourselves 
to large chromosomes where terminalization has caused little disturbance of position. 
But now these rules can be applied to the mere frequency of chiasmata and crossing- 
over in plants and animals generally. If the same time is available for pairing in a 
new tetraploid as was just sufficient for completeness in its parents, less pairing 
or leas early pairing will take place and fewer chiasmata will be formed. Upcott’s 
comparison (1939^) of chiasma frequoudes in diploids and tetraploids shows how 
this principle can be used. The reduction factor reaches its highest effect (0*84) 
in chromosomes of the largest size and is extremely slight (0*97) with the smallest 
chromosomes. There is one clear exception to the regularity of this order, the 
orthopteran ScUstocerca^ where we know that the pairing is helped by a special 
orientation and contraction during the active stages. The reduction fector is nearer 
to unity than in comparable plants (Table I). 

These various kinds of evidence together establish certain new principles and 
at the same time reveal certain new problems. The principles concern the prime 
variables of meiosis. These are three: 

First, the contact point, the position where pairing begins ; whothtr procentric, at the 
centromere withoutregard to Aeends, or proterminal, atthe ends without regard to the 
centromere, or intermediate between these two extremes and therefore mixed in result. 

Secondly, the time Umit, or time available for pairing, whether enough to allow 
of its completion or so short as to lead to its interruption and consequent localization 
near the contact point. 

Thirdly, the amount of torsion capable of being developed in different parts of 
the chromosomes after pairing, whether enough to reach the threshold for crossing- 
over or so little as to allow the chromosomes, wholly or in part, to separate without 
crossing-over when they divide. 

To these a fourth may be added of a physiologically different character: the 
presence or absence of co-ordination amongst the chromosome and cells of indi- 
viduals in regard to the first three variable. This co-ordination is characteristic of 
stable specie because it is in fact necessary for their stability. 
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Table I. Ccmes of crossing-wer restrMm 


Interruption of pairing by 
action of time limit 

Start of pairing 

Procentric 

Proterminal 

Intermediate 
or mixed 

Through early time limit: 



Paeonia 

(a) Species 

Mecostethm 

Bombyx 9 

Fritillaria 

Cftrysochraon 



AlUumfist. 

Allhm Cepa 


(b) Mutants and segregates 


Zea 

Piston 

Secede 

Crepis X 

AUtum Fj* 

(c) Treated or conditioned 
Through delay in pairing: 

Uvtdaria 

LtHum candiduM 

Reduction factor 

(a) Tetraploida 

— 

Tradescantia 



types 

(i) Structural hybrids 

LUium hybrids* 

Tritiewn 

Ldhitn hybrids* 

(5 type) 

Paeoma 

(M type) 

(c) Haploida 


Triliaan 

Oryza 

Nicotiana 



* Partially unco-ordinated. 


The problems that arise concern the genetic and mechanical control of the 
point where pairing begins; the influence of the shapes and positions of ♦chromo- 
somes at telophase and early prophase on this point of first contact; the relative 
importance of non-pairing and non-torsion in the restriction of crossing-over; the 
effect of triploidy on localization; the different effects of different kinds of experi- 
mental interruption of pairing ; the relation of localized crossing-over to the localized 
activity of genes. These and similar problems can now be approached. 

Meanwhile, those simple changes that are inherent in our basic type of meiosis 
are now becoming clear. Their study is undoubtedly necessary for our ultimate 
understanding of the causal sequence of meiosis, and it seems to be of immediate 
use in showing what limits must be set to the use of meiosis as the mechanism of 
genetic recombination. 


SUMMARY 

I. The uniform series of chromosome movements we know as meiosis (pairing, 
torsion, reproduction, crossing-over, co-orienlation, segregation) can now be placed 
in a causal sequence. This serves two purposes: to be tested as a working 
hypothesis and to be appHed to the understanding of the characteristic variations of 
which meiosis is susceptible. 

a. Comparison of mutants, hybrids and other genetically controlled variants 
shows that these variations arise from three main sources : (i) the point at which 
the pairing chromosomes make contact; (ii) the time available for pairing; (ui) the 
amount of torsion capable of being developed in the parts of the chromosomes 
which are paired. 
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3. All species are, as such, characteristically co-ordinated with regard to these 
variables. They may be classified as procentric {Mecostethus) or proterminal {Chry- 
sochraon) in the initiation of pairing. This difference affects the relative frequency 
of crossing-over in chromosomes of two main types, with the centromere near an 
end and away from it (Fritillaria, Lilium). 

4. Exceptional cells, and individuals arising by segregation from hybrids, show 
that co-ordination within the ceU and the individual is not physiologically inherent 
in meiosis. Unco-ordinated behaviour can take place in regard to all three prime 
variables {Allium^ Lilium and TriUkm). 

5. The time limit to pairing may be imposed artificially by heat treatment or 
X-raying. We then have artificial localization of crossing-over ( Uvularia^ Vida), 

6. The amount of torsion depends on the speed of pairing and this in turn on 
the size of the nucleus. Doubling the chromosome number therefore reduces 
the crossing-over frequency {Primula^ Allium, Solanum, etc.). 

7. The preservation of torsion depends on the early contact of a chromosome 
at two points. The more numerous contact points of triploids therefore increase 
their frequency of crossing-over per unit length paired, at the same time changing 
its distribution (Fritillaria, Tutipa, Drosophila). 

8. All species hybrids are structural hybrids. Their pairing is therefore slower 
and is cut short by the time limit. Hence their crossing-over is reduced and 
relatively localized, unless the extreme of localization has already been reached in 
the parents (Triticum, Lilium). 

9. The study of the three prime variables is therefore necessary for the under- 
standing of the causal sequence of meiosis and of the conditions of stability and 
coherence in species. 
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I. HISTORY OF FLUORESCENCE MICROSCOPY 

Owing primarily to the researches of Abbe, microscopy jn transmitted light reached 
a high degree of perfection at the close of the nineteenth century. Three optical 
factors determine the resolving power of the microscope, viz. (a) the magnification, 
(Z») the aperture of the cone of rays taken up by the objective, and (c) the geometric 
accuracy of the junction of the rays at the point of the image. As Abbe (1878) 
showed in 1878, the theoretically possible optimum conditions were already almost 
reached as regards factors (a) and (i), while the third (c) was being realized with the 
invention of apochromatic lenses (Abbe, 1886). Since the resolving power could not 
be increased by improving the optical conditions, other means had to be found to 
achieve this. The reproducibility of an object reaches its lower limit when the 
dimensions of the features to be reproduced are about ten times the wave-length of 
the light used (Abbe, 1873). By ^e use of ultra-violet instead of white light the 
limit can be reduced to one-half. Starting from these considerations K 5 hler (1904) 
constructed the first ultra-violet microscope. Considerable difficulties in the use of 
this microscope when observing biological materials were due to frequent fluore- 
scence of such subjects when exposed to ultra-violet light. Kfihler (1904), however, 
recognized immediately that it would be possible to iMke use of the fluorescence of 
such subjects for the purpose of microscopy. According to Helmholtz (1874) 

^ Research Fellow of the Sodety for the Protection of Sdenoe and Learning, The work on 
colovir photomicrography of intravital microscopic images and the unpublished experiments of the 
author (EUin^, 1939 e) were carried out with the assistance of a grant for technical assistance awarded 
by IV Ella Sachs Motz Foundation, Boston, Moss., U.S.A. 
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to be expected that the image would be better differentiated and the fine structures 
more easily discernible if the microscopic object itself were to emit light. It is not 
certain that it will be possible to achieve an increase in magnification using fluore- 
scence microscopy, which Baum (1932) claims should be obtainable, owing to the 
absence of refraction phenomena with this method. On the other hand, the contrast 
betw'een the light-fluorescent and the dark non-fluorescent patches becomes more 
marked with this method than with the usual microscopy in transmitted white light. 
In addition, fluorescence microscopy permits one to observe the presence of 
spontaneously fluorescent substances in the tissues and with it the chemical dif- 
ferentiation of the biological structure such as cannot be seen in the stained section. 
The light of the line of 275 m/x of the cadmium spark tvas used for illumination in 
an arrangement constructed ad hoc by KShler & Siedentopf (1908) for demonstra- 
tion at a vacation course for scientific microscopy held in Vienna in 1908, and this 
may be considered to be the first attempt at a fluorescence microscope. Satisfactory 
work, however, became possible only when Lehmann (1910) succeeded in using the 
far more intense light of the carbon arc as a source of ultra-violet light by intro- 
ducing suitable filters. He combined a nitrosodimcthylaniline filter of Wood (1903) 
which absorbs the yellow, green and orange, with a blue Uviol glass filter to absorb 
blue and violet, and with a copper sulphate filter to absorb the red and infra-red. 
This ari^gement allowed only rays of the wave-length 280-400 m/x to pass. 
Almost simul^eously the firms of Carl Zeiss and C. Reichert constructed the first 
ultra-violet microscopes (Lehmann, 1913; Reichert, 1911 ; Heimstadt, 1911) on this 
principle. The main difference between these lay in the illumination. That of Zeiss 
used light-ground and that of Reichert dark-ground condensers. Both could be 
used only with transmitted light, and botii employed quartz lenses in the illumi- 
nating apparatus and normal glass lenses in the microscope. They corresponded in 
their construction almost entirely to the most modem models which will be de- 
scribed later. Few publications concerned with fluorescence microscopical re- 
searches date from these early days. While Sliibel (1911) examined the spontaneous 
fluorescence in animal objects and Klemm (1917) that occurring in plants, v. 

rowazek (1914) tried to stain non-fluorescent objects with fluorescent materials, 
thus making these open to observation by fluorescence microscopy. Attempts to use 
the method for the purpose of recognizing and differentiating bacteria were made 
compmtively early (Kaiserling, 1917, 1931 ; Arloing ei al 1925). There was a con- 
si erable advance when Demen (1924) succeeded in localizing poiphyrins in dif- 
ferent animal tissues. The method received a fresh impetus when Haitinger in col- 
kboration with Hamperl (Mtinger & Hamperl, 1933) and Linsbauer (Haitinger & 
iM^ auer, i 933 > ^935 > Haitinger, 1935) elaborated systematically a technique for 
stainmg animal and plant objects with fluorescent substances which he called 
fluorochro^, and when the firm of C. Reichert, Vienna, placed on the instigation of 
Hait]^, fluorescence microscopes at the disposal of numerous laboratories. The 
introduction of the method into virus research by Hagemann (1937 a, c) possibly 
opens up a new field. \ yoi y j tf j 

fVran an entirely different point of view Ellinger & Hirt (1929 a, b, 1930 b) 
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developed a fluorescence microscope for incident light and used it for the observa- 
tion of processes in the living organism, a method called by them “Intravital 
microscopy”. Microscopy of the living organism was fairly rudimentary at the 
time. For examination of living organs it became necessary, owing to the size and 
opacity of the object, to use incident illumination. Depending on the subject used 
much of the incident light was either back-reflected from the surface or absorbed by 
the superficial layers of the object, being thus at any rate lost to the formation of the 
microscopic image. The proposal of Vonwiller (1927) to employ the absorbed light 
in the formation of the image by introducing artificial reflectors into the tissues, 
proved itself to be a method of little use. For effective progress here it became 
necessary to place a source of light in the object itself and further to exclude inter- 
ference of the light back-reflected from the surface of the object. This would be 
achieved only when the light of the primary light source and that excited in the 
object and used for the illumination of the microscopic image, differed in wave- 
length to such an extent that they could be separated entirely by suitable fillers. 
This could be attained by using ultra-violet light for illumination, by treating the 
living object with fluorescent substances, and by interposing filters impermeable to 
the exciting rays but permeable to the fluorescent light between objective and eye- 
piece. An intravital microscope built by Zeiss according to the specification of 
Ellinger & Hirt (1929&, 1930^) was followed by a number of similar constructions by 
other firms [E. Leitz; Bausch and Lomb inslructed by Singer (1932) ; C. Reichert 
instructed by Pick (Mehler & Pick, 1932; Pick, 1934), which, however, neglected 
a number of important features of the original method]. In special cases, as for 
instance in the microscopic observation of the living eye with the comeal microscope, 
ultra-violet light of the slit lamp had already been used after injection of fluorescin by 
Thiel (1926). Details of intravital microscopy and of the results obtained by it will 
be discussed later. Though investigations by this method have been conducted only 
in comparatively few places a considerable number of problems of animal and plant 
physiology have been solved with it, indeed, a new group of natural pigments which 
includes a constituent of the vitamin B2 complex has been discovered and isolated by 
this method (Ellinger & Koschara, 1933 a, by c, 1934)- Recently, further progress has 
been made, so that by increase of the speed of the photographic emulsion it has 
become possible to reproduce the image obtained photographically and even by 
colour photography. 

II. TECHNIQUE 
(l) The APPARATUS 

Like all microscopes the fluorescence microscope consists of three different 
parts, the source of light, the illuminating apparatus, and the actual microscope. 

(a) The sotarce of light 

The essence of fluorescence microscopy is the use of the light source to excite the 
fluorescence of fluorescent substances either already present in the object or injected 
into it previously, so that the fluorescent light overtakes the illumination of the 
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object while the light of the primary source of light is removed by suitable filters 
after having served its purpose so as not to interfere with the clarity of the image. 
Fluorescence is the property of a substance which effects the conversion of a part of 
the absorbed light energy into light of a wave-length different from thatof the exciting 
rays and characteristic for the fluorescent material. According to Stokes’s law this 
fluorescent light must always be poorer in energy, i.e. of longer wave-length than 
the exciting light. It is thus essential to cdioose a short wave-length for the exciting 
light, in order to cause the fluorescence to cover the whole spectrum if necessary. 
Thus ultra-violet light has come into common use as the source of light. The use of 
invisible light for the exciting radiation has the advantage that the visual observation 
of the fluorescent image is not disturbed by visible reflexes from the surface of the 
object, Continuous exposure of the eye to ultra-violet light, however, is inadvisable. 
If one deals with fluorescent light of longer wave-length (green to red) there is no 
objection to the use of visible hght of short wave-length in addition to ultra-violet, 
so long as it is possible to keep this from the eye or camera by the use of suitable 
trap filters, and so long as it does not interfere with the quality of the fluorescent 
image, e.g. when acriflavin is used in intravital microscopy, the exciting light may 
contain the violet and blue in addition to the ultra-violet. 

Thus a lamp the light of which is rich in ultra-violet rays is chosen for illumina- 
tion. The lamp must have a sufficient intrinsic brightness, bum regularly and must 
be easy to handle. The 275 m/i line of the cadmium spark used in the first fluore- 
scence microscope (Kohler & Siedentopf, 1908}, being a source of light of far too 
low intensity, was at once abandoned. The fluorescence microscope by Reichert- 
Heimstidt (Reichert, 1911 ; Heimstadt, 1911) used an iron carbon arc Imnp, that by 
Lehmann (1913) an iron or nickel (cf. also Metzner, 1928) carbon arc lamp, the 
electrodes of the latter being arranged at right angles so as to attain a better field of 
light. Later, different authors have recommended the most divergent sources of 
light, e.g. the normal type of mercury-vapour lamp (Metzner, 1930 a; Ilaitinger, 
1930; Vodrazka, 1930 a) including one of annular shape and arranged round the 
objective (Daugherty & Hjort, 1934), the intensity of which is entirely inadequate; 
the high-intensity mercury lamp (Barnard & Welch, 1937; Gerlach, 1937 a; Melczer 
& Venkei-Wlassics, 1939); a tungsten arc in vacuo (Kdgel, 1928); sparks between 
magnesium (Barnard & Welch, 1936) or iron (Singer, 1932) electrodes; tlie slit lamp 
(Thiel, 1926; Henning, 1932 a); and an arc between carbons with iron wick 
(Haitinger, 1931, 1934, 1938 a, b); the use of a paraboloid mirror was recommended 
to increase the light intensity (KSgel, 1928). The most suitable arrangement seems to 
be the carbon arc lamp with carbons at right angles for 10 amp. D.C., which can be 
overloaded for a short time to 20 amp., adjusted by clockwork (2^is8, 1939). The 
iron wick carbon lamp (Haitinger, 1938 a, b) gives also satisfactory results with 
5 amp. D.c. The most recent models of high-pressure mercury-vapour lamps are 
still far inferior in intrinsic brightness to the most effective carbon arc lamps 
(Mdezer & Vehkei-Wlassics, 1939). If, however, the former of the same intrinsic 
brightness as the latter can be constructed, these would be preferable, since they are 
handled more easily and do away with unpleasant combustion gases. 
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The light of such light sources is then suitably filtered to remove the infra-red 
and a more or less extensive portion of die visible rays. 

In most of the more recent models Uvet glass filters of 0'5-5 mm. thickness 
which are impermeable for the visible light apart from the extreme red replace the 
combination of the nitrosodimethylaniline and blue Uviol glass filters. These filters 
are generally placed in the light beam behind the cuvette containing copper sulphate 
(4-25 % layers, of different thickness) removing red and infra-red rays. It is still 
difficult to find the correct filters for the examination of substances emitting pink 
or red fluorescence (i.e. porphyrins) as Uvet glass and copper sulphate filters, suf- 
ficientiy thick to keep back the last traces of the red rays of the light source, absorb 
a considerable proportion of the ultra-violet and thus weaken the exciting light. In 
some models the thickness of the Uvet filters can be varied. In the intravital 
microscope Uvet filters can be replaced by blue Uviol glass filters of 1-5 mm. 
thickness permitting violet and blue light to pass in addition to ultra-violet if re- 
quired. The light of the high-pressure mercury-vapour lamp contains so litde red 
that copper sulphate filters are wanted only in special circumstances (Melczer & 
Venkei-Wlassics, 1939). 


(A) The ilhmiiiathig apparatus 

The two types of fluorescence microscopes, via. those designed for transmitted 
and for incident light, respectively, require different types of illuminating apparatus. 
The former can be used only for translucent objects such as tissue sections, smears, 
bacterial cultures or tissue cultures, while the latter can be used for such objects as 
well as for opaque ones, e.g. for the observation of living organs in situ. 

The first part of the illuminating apparatus is the same for both types. Quartz 
lenses (back lenses of a quartz condenser) render the beam of the light source 
parallel. Red light is removed and the beam is cooled by vrater and copper sulphate 
in plane parallel cuvettes with windows of quartz or of very thin glass permeable to 
ultra-violet light. Another quartz lens acting as the front lens of the quartz con- 
denser, collects the rays and projects the image of the light source on to a totally 
reflecting quartz prism. The Uvet filter is usually placed in this part of the light 
beam. The rest of the apparatus differs in the two types. 

In the light-ground fluorescence microscope for transmitted light (Lehmann, 
1913; modem lumin^cence microscope by Zeiss (1939); Loos (1939); Haitinger 
(1931, 1938 a, 2 >); fluorescence microscope of Bausch and Lomb according to 
Singer (1932)) the ultra-violet rays are deflected through a right angle by a quartz 
prism replacing the mirror, into an Abbe illuminator, vwth lenses of quartz or 
Uviol glass. Prism and illuminator are fixed in the substage. The Abbe condenser 
converges the rays on to the object. In the li^t path are iris diaphragms acting as 
illuminated field and aperture diaphragms, respectively. In the early models 
(Kfihler & Siedentopf, 1908 ; HeimstSLdt, 1911) a quartz dark-ground condenser was 
used instead of the Abbe condenser. Kdhler & Siedentopf (1908) expected that the 
entrance of ultra-violet light into the object would thus be prevented; this did not 
happen owing to the deflexion of light at the object Because of the s m all aperture 
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of the dark-ground condensers this method has almost become obsolete. It has, 
however, been recommended lately by Barnard & Welch (193^) Barnard (1937), 
who used with very good results a dark-ground condenser by Smiles (1933)* 

The first fluorescence microscope for incident light was developed by Zeiss 
according to specifications by Ellinger & Hirt (1929 a, ft, 1930 ft), especially for the 
observation of living organs at high microscopical magnifications. In this model the 
beam converged by the quartz condenser enters the lube of the microscope through 
a side arm and is deflected from a prism on to an optically flat and parallel plate and 
from this into the objective. Through the objective which thus serves as a light- 
ground condenser the rays are collected on the object. Prism and plate are arranged 
so that loss in aperture of the objective is reduced to a minimum in contrast to the 
prism and plate arrangements usually used for vertical illumination (cf. Singer, 
1932). The side arm bears aperture and illuminating field diaphragms whose use 
is essential in order to avoid overlighting of the object. 

Apart from this inside illumination, outside illumination can be used for opaque 
objects. For objectives with a large object distance unilaterally incident light can be 
used, e.g. the filtered light of the slit lamp together with the comeal microscope 
(Thiel, 1926 ; Henning, 1932 a, 6), or the light of a carbon arc lamp focused on to the 
object either by a paraboloid mirror (Metzner, 1929 a, ft) or by a system of lenses 
(Schraglichtilluminator by F. Hauser, 1929) in connexion with a stereoscopic 
binocular dissecting microscope (Ellinger & Hirt, 1929 a; cf. also Turchini, 1924). 
The use of a “Schusterkugel” as condenser was recommended (Haitingcr, 1930), 
but it appears to have been abandoned. 

Circular outside illumination is used in the present fluorescence microscopes of 
Zeiss (Epicondensor W by Hauser, 193 1, 1932, 1936 ; cf. also Schochardt, 1936), Leitz 
(Ultropak by Heine, 1931) and Reichert (Epilumilluminator by Ramsthaler, 1934a, ft). 
The ultra-violet light collected by the quartz condenser enters the microscope through 
a short side arm of the tube and is deflected through 90° into a paraboloid or cardioid 
condenser by an annular mirror centrally bored and inclined at 45° to the axis of the 
microscope and thus concentrated on the object. This type of illumination seems to 
have been first devised by Chapman & Alldridge (1923), but seems not to have been 
used before the Epicondensor W and the Ultropak had been constructed. These 
condensers act usually as dark-ground condensers. In addition to these condensers 
the original Lieberkiihn mirror from which these condensers have been developed 
finds application in the observation of very small objects in the dark-ground microscope 
(K6gel, 1928; Hauser, 1931, 1932, 1936). 

(c) TIk microscope 

Numerous authors claim that any normal microscope can be used for fluorescence 
microscopy in transmitted light, since the fluorescence is in the visible. The 
exciting ultra-violet rays, however, have to be removed by a cover-slip impassable 
to ultra-violet light. Heimst^dt (1911)1 using a dark-ground condenser, does not 
even regard such a filtering cover-slip as essential. The protection against ultra- 
violet provided by such a cover-slip is actually insufficient, and fluorescent material 
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such as fluorite or plaster of Paris must be avoided in the objective. In order to 
exclude ultra-violet light back-reflected even from the surfaces of the objective 
lenses, lens mirror objectives were devised as substitutes for the usual microscope 
object glasses (Johnson, 1934). It is recommended to place an eflFective ultra-violet 
trap Alter between objective and eyepiece so that there is at any rate no limitation 
to the use of the eyepiece. It is best to use slides of quartz, but some varieties of 
glasses are sufficiently permeable to ultra-violet light; it is essential only that the 
slides should not show fluorescence of their own. The same holds good for cover- 
slips, mounting materials and immersion fluids. 

The use of filters which retain the exciting primary radiation entirely is essential 
both in fluorescent microscopy in incident and transmitted light. This has been 
recognized already by I.,ehmarm (1913), who recommends Euphos cover-slips for 
the purpose. Later, a wide variety of filters for the purpose has been described. 
The arrangement of these filters on a sliding plate on the microscope tube between 
objective and eyepiece which permits easy exchange is recommended (Ellinger & 
Hirt, 1929 a, ft, 1930 ft). From the large number of excellent filters now available 
(Schott and Gen., Kodak, Ilford) one may choose with ease the most suitable type 
for any particular case. The spectral range must be adapted to the wave-length of 
the exciting rays and to the colour of the fluorescent light. It is essential that the 
thickness of the trap filter should be suflflcient to cut out the primary radiation 
entirely, especially for photomicrographic purposes. 

For fluorescence microscopy in incident light special microscopes are necessary, 
since light source and iliummating apparatus have to remain in a fixed position 
relative to each other. Therefore only stands with vertically movable stages can be 
used. The rough adjustment is done entirely by lifting and lowering of the stage, 
while the fine adjustment is made with the aid of the usual micrometer screw. In 
the arrangement of EUinger & Hirt (1929a, ft, 1930ft) the objectives are made of glass 
readily permeable to long- wave ultra-violet light, since they are used simultaneously 
as condensers for the exciting rays. It is essential that the objectives show no 
fluorescence of their own, since in the microscopes with inside illumination the 
ultra-violet light passes the objectives before reaching the object. Conditions, how- 
ever, are similar in the use of outside condensers, since a very large portion of the 
ultra-violet rays is back-reflected from the surface of the object into the objective 
not protected by filters. Franke’s (1935) claim that with the Ultropak no ultra- 
violet light which might cause fluorescence of the objective passes into the micro- 
scope is incorrect. This can easily be demonstrated with the aid of photography. If 
Franke fails to obtain distinct images whan using a vertical illuminator the cause is 
most likely to be found in the use of an inadequate microscope with fluorescent 
objectives. The use of microscopes built for other purposes in intravital microscopy 
appears to explain the unsatisfactory results of numerous researches. For the ob- 
servation of living organs it is essential that water immersions without cover-slips 
should be used as objectives which are continuously irrigated by physiological salt 
solution in order to keep the surface of the object wet and to remove serous or 
coloured exudates. For investigations on warm-blooded animals the solution is 
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heated to 37° C., and a heated stage is used so as to keep the air surrounding the 
nimal at about 40° C. Small metal plates are attached to the stage permitting the 
fixation of the organ to be investigated (Ellinger & Hirt, 1929 a, A, 1930 b). 


(a) The preparation of the object 

{a) The preparation of objects for fluorescence microscopy in transmitted light 

For fluorescence microscopy in transmitted light special care has to be devoted 
to the preparation of the object. As fixative formalin is most suitable. For the 
observation of spontaneously fluorescent objects extraction of the fluorescent sub- 
stances during the process of preparation has to be avoided. It is advisable to use 
frozen sections which are mounted in media permeable to ultra-violet light and not 
fluorescent themselves, e.g. water, physiological salt solution, glycerol, etc. (Heim- 
stadt, 191 1 ; Haitinger, 1938 b). 

Objects not spontaneously fluorescent themselves may be prepared for observa- 
tion by treating them with fluorescent substances as originated by v. Prowazek 
(1914). The method has been extended recently to plant (Haitinger & Linsbauer, 
19331 193s; Haitinger, 1935; Dfiring, 1935) and to animal material (Haitinger & 
Hamperl, 1933; Hamperl, 1934; Haitinger & Exner, 1936). For details the 
numerous publications should be consulted. Here, it must be kept in mind that 
there is frequently interaction between the tissue and fluorescent substance which 
may aflFect Ae fluorescence profoundly (cf. also Metzner, 1924). Thus fluorescence 
can be abolished by the heavy metal and nitrate ions when present in the tissue, 
or the fluorescence of the fluorochroms can be modified [pH dependence of the 
fluoresdn fluorescence (Ellinger & Hirt, 1930 b; Ddrib^r^, 1937)]. 


{b) The preparation of living objects for intravital microscopy 

For intravital microscopy the objects are prepared as follows, according to the 
prescriptions given by Ellinger & Hirt (1929 a, ft, 1930 ft) : the animals are anaesthe- 
tized (urethane, chloral hydrate) fixed to the stage, and tihe organ to be investigated 
is exposed and suitably fixed by means of the metal plate attached to the stage, and 
one must avoid upsetting the blood supply to the organ. The nature of this fixation 
must depend on the particular case. If spontaneous fluorescence is to be investi- 
gated, no further preparation is required. The organ is brought to the objective by 
lifting the stage which can be moved in three directions, and the region to be in- 
vestigated is adjusted in white or blue light. Since the fluorescence of some sub- 
stances is destroyed by prolonged irradiation with ultra-violet and even with white 
light, unnecessary exposure to light has to be avoided. Reversible and irreversible 
changes in staining and function due to prolonged irradiation have been reported 
(Ellinger & Hirt, 1931; v. Quemer, 1932, 1935; Singer, 1936ft; Hirt, 1939ft). The 
actual observation of the object is carried out with continuous adjustment of the 
micrometer screw so that diflFerent levds are illuminated and focused, forming optical 
senes sections of the object. Thus it is possible to investigate the superficial layers of a 
depth dependent on the free working distance of the objective and often considerable. 
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For the study of deeper layers the organ has to be prepared by taking shavings from 
the surface in a preliminary operation (EUinger, 1934 c, 1935, 1938, 1940). 

If the function of an organ is to be investigated injection of a fluorescent sub- 
stance is necessary. This substance must not be poisonous and must fluoresce 
strongly in very low concentration. It must be chosen so as to stain if possible the 
cells of the organ to be investigated, though fluorescent material circulating in the 
blood stream suffice for the illumination of the picture. The most suitable dyes for 
intravital microscopy are fluorescin and acriflavin (EUinger & Hirt, 1929 a, 6, 
1930 b). The former is particularly used for the study of the function of an organ; it 
stains predominantly protoplasm and body fluids, the latter cell stmctures. Fluorescin 
is also an indicator for the in ceUs and humours because the tint of its fluorescent 
light depends on the pH of the medium (EUinger & Hirt, 1930 b). Other fluorescent 
vital stains as aesculin (Singer, 1932) or auramin and primulin (Hagemann, 1937 fl, c, 
1938; KeUer, 1938) and others tested by Pick (19346) behave fundamentally like 
fluorescin or acriflavin, though they fluoresce less intensely and thus are not so 
effective; Rhodamin BS (EUinger & Lambrechts, 19376; Strugger, 1938a), which is 
intermediary between fluorescin and acriflavin, may become useful in special cases. 


(3) Photomicrography with the fluorescence microscope 

Photography of inanimate objects in fluorescence microscopy presents no 
particular difficulties in spite of the comparatively low intensity of the fluorescent 
light. Exposures may be prolonged provided that irradiation does not interfere with 
fluorescence. The earlier aUeged fluorescence photomicrographs in transmitted light 
(Haitinger, 1930; Vodrazka, 1930 6) have been shown by Metzner (1930 a) to pre- 
sent only pictures due to the back-reflected ultra-violet light. With the modem photo- 
graphic emulsions which are highly sensitive to the whole spectral range, perfect 
fluorescence photomicrographs can be obtained [even coloured ones (Grabner, 1933)] 
without difficulty (Wimmer, 1935 ; Barnard, 1937). The most important condition 
is the use of filters sufficient to remove all traces of the primary radiation. 

The photography of the intravital microscopic image is a very much more 
difficult proposition, since the exposure is limited. The use of objectives of great 
numerical aperture is advisable. At the time of introduction of the method (1929) 
the existent photographic emulsions were not sufficiently sensitive to green and 
yellow, the colours predominantly obtained by using fluorescin and acriflavin. The 
photomicrographs ffien taken by EUinger and Hirt proved to be ultra-violet reflex 
pictures and Imve not been published. The lack of suitable emulsions, and not as 
Franke (1935) believes the absence of suitable filters — ^EUinger & Hirt (1929 a, 6, 
1930 6) had already worked with those used by Franke — ^was the cause of the failure 
to obtain photomicrographs as early as 1929. Since then, photographic emulsions 
have been improved so much, both in their uniform sensitivity to the vanous 
spectral ranges as well as m their speed, that the reproduction of fluorescent images 
even of comparatively low intensity has been achieved with the use of adequate trap 
filters and with short exposures. Such black and white intravital photomicrographs 
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have been published during recent years (Franke & Sylla, 1933 ; Ellinger, 1935, 
1938, 1940; Hirt, 1939 a and others). Franke (1935) has given a summary of the 
method. It would seem remarkable therefore that in recent papers (Sturm, 1936, 
1938) the statement should be made that photographic reproduction of fluorescent 
images is still impossible. The difficulty in the photomicrography of living organs is 
now largely due to the difficulty of avoiding pulsation of the oigfans. Franke (1935) 
gets out of the difficulty by simple means; he states that the fluorescent picture does 
not change immediately after death, and when he is imable to fix the living organ 
sufficiency he contents himself with the photomicrograph of the dead. This concep- 
tion of Franke is not valid. The fluorescent image due to fluorescin changes very 
rapidly after death. The study of a ph3rsiological process cannot be carried out with 
the dead organ. By careful procedure it is possible to abolish pulsations of most 
organs, lung and heart excepted. Series of photomicrographs of the kidney while 
excreting fluorescin have been published by Ellinger (1940). Actually the photo- 
micrograph can under no conditions replace the visible intravital microscopic 
observation, smce photography shows only a single level, while on visual observa- 
tion continuous motion of the micrometer screw provides a three-dimensional im^e. 
An equivalent reproduction is here only possible when one can so improve the speed 
of the emulsion as to permit the taking of cinematographs at intervals of less than 
^ sec. An increase in the intensity of the fluorescent image can be attained neither 
by increasing the intensity of the exciting light nor by increasing the amount of 
injected fluorochroms, since the latter would spoil the differentiation owing to over- 
irradiation. Improvement in the speed of photographic emulsions is thus the direc- 
tion in which success might be expected. 

Recently, colour films have been produced of such high and uniform sensitivity 
through the whole of the spectral range, at any rate for small size films, that it has 
become possible to give reproductions of the microscopic image which are true in 
colour (Hirt, 1939 A; Ellinger, 1939 a, b). A difficulty in the taking of colour photo- 
graphs is due to the fact that there exists yet no simple photometer to give informa- 
tion about the intensity of the intravital microscopic fluorescent picture. Owing to 
the great contrasts in fluorescence microscopy one is readily mistaken about the 
absolute intensity. For proper reproduction of the colours by the colour film, how- 
ever, sufficient and accurate exposure is of the greatest importance. If the image and 
the intensity of illumination do not change quickly one can find the proper time for 
exposure by testing with a black and white film of ihe same spectral range sensitivity 
and adjusting the exposure in proportion to the relative speeds of the two films. It is 
of special importance when using colour films to have adequate trap filters, since even 
traces of primary radiation cut out all colours but violet and blue. Colour photo- 
micrography allows to record objectively the colour tint observed. This is particularly 
important in case of estimation of the pH of the tissue from the tint of the fluorescin 
fluorescence (Ellinger, 1939 b). 



333 


Fluorescence microscopy in biohgy 
(4) Fluorescence spectroscopy and spectrophotometry 

Fluorescent substances emit light characteristic in colour of the particular 
substance. Analysis of the spectral range of the emitted light with a spectroscope 
permits the identification of the light-emitting substance. This can be carried out 
microscopically by using an eyepiece spectroscope, provided the illumination of the 
microscopic image is mainly due to the fluorescence of one fluorescent substance, as 
is the case with porphyrins or lyochromes. The emission lines or bands observed 
with a spectral eyepiece then allow of the identification of fluorescent substances 
present in the tissues. Lehmann (1913) recognized that it might become desirable 
to determine the spectrum of the fluorescent light in fluorescence microscopy quanti- 
tatively. He therefore fitted his microscope with the spectral eyepiece of Abbe or 
the microspectral photometer of Engelmann (1888). Microspectroscopy in the 
fluorescence microscopy became of special importance for the identification of 
porphyrins in the tissue (Denien, 1924; Derrien & Turchini, 1925). Borst & 
Kdnigsddrfler (1929) used a universal microspectrograph built according to the 
specification of Konigsddrffer. Also Policard (1925 b) describes a method for the 
quantitative determination of fluorescence spectra in the microscope by means of a 
prismatic eyepiece, while Dh^rd (1933, 1939) gives a summary of his and his pupils* 
studies concerning fluorescence spectra of biologically important substances. 


III. RESULTS 

In recent years fluorescence microscopy has been applied to a great variety of 
problems. It has found widespread use in the proof of the quality of material, e.g. 
textiles, paper, etc. Only the results of researches dealing with problems of bio- 
logical interest will be discussed here. Even so, this account does not profess to be 
complete. 


(i) Examination of the spontaneous fluorescence of 
ANIMAL and plant TISSUES 

(fl) General spontaneous fluorescence of animal tissues 

The first investigations concerned themselves with the collection of catalogues 
giving the colours of spontaneous fluorescence which could be seen on observation 
of the most divergent objects (Stiibel, 1911; de Kowalski, 1911 ; v. Prowazek, 1914; 
Klemm, 1917; Kaiserling', 1917, 1921; Arloinge^ a/. 1925); later studies concerned 
the eye (B6ck, 1934), the brain (Exner, 1932, 1933, 1934), the cerebrospinal fluid 
(Exner & Klemperer, 1930), the female genitalia (H. Hauser, 1929), various organs 
of the human body (Bommer, 1929, 1933), anim a l tissues (v. Quemer, 1933; 
Hamperl, 1934; Sutro, 1936), and the argentaflSn cells of the intestines (Eras, 
1932). While most of these researches content themselves with the description of 
the fluorescent colours observed, v. Prowazek (1914) discusses the cause of their 
formation, considering them due to physico-chemical conditions at the lipoid-water 
interface. Bommer (1929) also discusses the cause of different cases of fluorescence. 
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He tried to extract and identify the fluorescent material from the sections, and 
succeeded in this to a certain extent with a red fluorescent substance from the 
follicles of the human face which is probably a porph3rrin. 

(b) Porphyrins 

Fluorescence microscopy has proved particularly useful in the investigation of 
porphyrins. It was a great advance when Derrien and his co-workers (Derrien, 1924; 
Derrien & Turchini, 1924, 1925) succeeded in demonstrating by fluorescence micro- 
scopy the presence of porphyrins in Harder’s glands of rats and mice, in the zones 
of growth and calcification of the bones of young mammals and foetuses, in the 
incisors of newly bom guinea-pigs, and also in the deposits on the tooth-gum edge. 
These observations have been confirmed and extended (Fikentscher et al.y 1931, 
1933; Loos, 1931; Pfluger, 1931; Fikentscher, 1935). Very extensive investigations 
on the distribution of porphyrins in the tissues of a patient who had died of con- 
genital porphyria were made by Borst & Konigsdorffer (i 929 )» corresponding 
work was done by Fikentscher (1930) on tissues of cattle who had been suffering 
from ochronosis. Porphyrins in bile, urine and liver cells but not in the kidney were 
found after drug poisoning (Phanodorm, Sedormid) (Emminger, 1933). Emminger 
& Battistini (1933) failed to find porphyrins in the kidneys of rabbits suffering from 
lead-poisoning, though they were plentifully excreted in the urine; the erythro- 
blasts in the bone marrow of these animals were shown to contain and probably also 
to produce porphyrins. Seggel (1934, 1937) and Keller & Seggel (1934) made the 
interesting observation that red fluoresemt erythrocytes occur in healthy men and 
in a variety of animals. During certain anaemias these are increased in number, 
especially during treatment. Their fluorescence is probably due to protoporphyrin, 
the increase of which, particularly during treatment, has probably to be regarded 
as a symptom of regeneration. Policard (1924) found a red fluorescence in necrotic 
tumour tissue which he attributes to porphyrins (see also KSrbler, 1931, 1932). 
Fluorescence microscopy has been used also for the detection of porphyrins in 
faeces (Urbach, 1938). 

(c) Sponianeous fluorescence of plant tissues 

Spontaneous fluorescence in plants was investigated very early by Klemm (1917) 
and later by Metzner (1930 i), who studied in particular the permeability of plant 
tissues to long-wave ultra-violet radiation. Spontaneous fluorescence was observed 
in the internal portion of the bark of living branches which changes when the 
branches dry up and disappears entirely when they die of cold (Haitinger et alt 
1929). Eichler (1934, 1935) studied the formation of wood by noting the changes in 
the spontaneous fluorescence during its progress. He showed that the spontaneous 
fluorescence of the wood is due to dep(»ition of lignin or xylin. Investigations re- 
garding the fluorescence of wood have also been performed by Vodrazbi (1930 b). 
The very intense fluorescence and the characteristic fluorescence spectrum of 
ddorophyU was used for its microscopic localization in plant tissue (Tswett, 1911 ; 
Wilschke, 1914). 
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{d) Lyochromes {vitamin riboflavin) 

The first investigation vnth the intravital microscope showed the presence of a 
yellow-green fluorescent substance in kidney and liver which led to the discovery 
and isolation of the lyochromes, a new group of natural pigments, by Ellinger & 
Koschara (1933 a, &, c, 1934). Its most important member was shown to be 
identical with one constituent of the vitamin complex, lactoflavin; this substance 
was isolated simultaneously by Kuhn et ed. (1933). The distribution of lyochromes 
in the optic nerve, lens and vitreous humour was investigated in frozen sections of 
eyes of the cod and some mammals by v. Euler et ah (1935). In fresh cod eyes it 
was found in the retinal pigment, whether the eye had been exposed to light or kept 
in the dark. It difliises rapidly after death. Intravital microscopic examination of 
its distribution in the kidney and of the response of the kidney towards injected 
lactoflavin by Ellinger (1938) showed that it occurs there in two modifications, viz. 
(a) a green fluorescent form in the lumen of the tubules and excreted in the urine, 
and Q>) a yellow fluorescent form in the epithelial cells of the proximal tubules, even 
after greatly prolonged lactoflavin deficiency in the diet these yellow fluorescent 
particles are hardly diminished. Lactoflavin elimination by the kidney corresponds 
to that of fluorescin. The localization could be shown photographically (Ellinger, 
1938). Hirt (1939 a) and Hirt & Wimmer (1939 a) have investigated its distribution 
and excretion in the liver, and have shown that it behaves here also like fluorescin. 
They observed in the liver and other tissues after treatment of animals with acri- 
flavin red fluorescent particles which they ascribed to a hypothetical storage form of 
the complex vitamin and also to the presence of heparin. In a later paper, Hirt 
(1939 h) stated that this red fluorescence can only be obtained with one certain 
preparation of acriflavin. This appears to be altogether unintelligible, since acri- 
flavin is a single chemically well-defined substance. When the effect can be obtained 
only with a certain acriflavin preparation it must be due to an impurity present in 
this preparation. Ellinger (1939 c), at any rale, has not been able to confirm the 
observation of Hirt dealing wi^ the occurrence of red fluorescence in the liver with 
a preparation of acriflavin highly purified by a number of recrystallizations. 

(e) Vitamin A 

V. Quemer (1932, 1935) and v. Quemer & Sturm (1934) observed a very strong 
spontaneous fluorescence of the isotropic lipoid droplets in liver cells when in- 
vestigating unstained liver sections. The fluorescence was destroyed rapidly by 
ultra-violet and more slowly by white light, as also by treating the sections with 
alcohol, chloroform, acetone, but not with water, glycerol or formalin. In trans- 
mitted white light these fat droplets did not differ from normal fat. Fluorescent 
material with the same properties was also found in retina, adrenal medulla, anterior 
lobe of the pituitary (basophile cells), and in fresh liver oils, cream and butter. It 
was found to be reduced in rats which had been fed on a vitamin A-£ree diet By 
analogy it has been regarded as vitamin A, and its formation in the liver is regarded 
as likely. The experiments have been repeated by Hirt (1939 a). After feeding 
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large quantities of vitamin A (preparations not described) to mice their organs were 
investigated and liver and lung were found to contain vast numbers of golden yellow 
fluorescent granules mostly localized in the endothelia of the vessels and only sparsely 
in the liver cells, especially in the pigment cells. Hirt (1939 «) came to the conclusion 
that the fluorescent substance is undoubtedly vitamin A and that the storage of 
vitamin A in Kuppfer’s star cells is thus proved. The difference in the localization 
observed by v. Quemer and by Hirt is asenbed by the latter to differences in the 
experimental conditions. A bright fluorescence ascribed to vitamin A was observed 
in the pigment cells of the retina of rats adapted to light while those of animals kept 
in the dark showed no fluorescence. The intensity of the fluorescence could be 
increased by feeding carotene or vogan (v. Jancs6 & v. Jancsd, 1936). 

(/) Other vitamins 

In a further communication Hirt & Wimmer (1939 h) believe they can observe 
the localization of nicotinic acid and nicotin amide in the tissues and the effects 
of its injection by fluorescence microscopy. They claim that in a i % aqueous solution 
the former shows weakly yellow, the latter more strongly yellow fluorescence. 
Ellinger (1939 c) has not been able to observe such fluorescence in aqueous solutions 
of highly purified preparations of both substances and cannot agree with the con- 
clusions drawn by Hirt & Wimmer, nor can he accept their statement that vitamin C 
can be observed microscopically by its fluorescent properties. 

(a) Fluorescence microscopy in bacteriology 

In spite of very detailed descriptions given in numerous publications by 
Haitinger and his co-workers (Haitinger, 1934, 1935, 1938 a, h\ Haitinger & Exner, 
1936; Haitinger & Hamperl, 1933; Haitinger & Linsbauer, 1933, 1935; Hamperl, 
1934; Exner, 1937) for the preparation of animal and plant tissue for fluorescence 
microscopy especially by devising numerous fluorescent dyes for the staining of 
various kinds of tissues, no spectacular results have been obtained so far by fluore- 
scence microscopy in transmitted light in animal or plant histology. A considerable 
amount of useful work, however, has been carried out by fluorescence microscopy in 
transmitted light in bacteriology. In bacteriology, fluorescence microscopy appears 
to have been first applied by Kaiserling (1917, 1921) who only describes and notes the 
spontaneous fluorescence of a few bacteria probably expecting to find some specific 
differences and to use these to build up a diagnostic method. Human and bovine 
tubercle bacilli are said to fluoresce in different colours. Similar investigations were 
also made by Arloing et al. (1925)* Barnard & Welch (1936) showed in comparative 
investigations both on light and dark ground that parts of the bacterial cdl body 
but not the cell membranes fluoresce. Barnard (1937) examined the virus bodies of 
foot-and-mouth disease and vesicular stomatitis wiA the fluorescence microscope in 
transmitted ultra-violet light and with ultra-violet dark-ground illumination. The 
results are illustrated by perfect photomicrographs. The size of the virus bodies 
revealed by microscopic measurements was in remarkably good agreement with that 
found by filtration experiments. 
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V. Jaiics 6 (1932) succeeded in observing the action of fluorescent chemo-thera- 
peutic substances (acriflavin and others) on trypanosomes. The drugs were injected 
into the infected mice and rats. In the blood picture of the treated animals the 
parasites showed intense fluorescence. Strains, however, which were resistant either 
to arsenic or acriflavin remained unstained, so that it was proved that these drugs 
have to penetrate into the parasites in order to become effective. Corresponding 
experiments are also described by Fischl & Schwenk (1932), and Fischl & Singer 
(1935) were able to localize also atebrin in nagana and bird-malaria parasites, while 
Bock & Oesterlin (1939) succeeded in making visible the storage of atebrin and 
quinine in the parasites of monkey malaria. There is no doubt that by his observa- 
tions on the effect of chemo-therapeutic drugs on parasites, v. Jancsd has opened a 
valuable new field to fluorescence microscopy. 

Staining of bacteria and protozoa which is otherwise difficult promises success 
wivh fluorescent substances and the use of a fluorescence microscope. Hagemann 
(1937 b) recommends berberin sulphate for staining tubercle and lepra bacilli, 
Hagemann (1938) and Keller (1938) auramin for the former which is also described 
by Bock & Oesterlin (1939) for the same purpose. Herrmann (1938) confirms 
Hagemann’s results on tubercle bacilli and claims an improvement of the auramin 
staining. Bock & Oesterlin (1939) were able to stain a large number of protozoa 
with rivanol and piimulin. Finally, Hagemann (1937 c) claims the successful 
selective staining of certain viruses with primulin so that they become visible in the 
fluorescence microscope at a magnification as low as x 200. For certain kinds of 
viruses Hagemann’s observations have been confirmed by Wolfram(i938) [Petr^higus 
vulgaris and Dermatitis herpetiformis] and by Bock & Oesterlin (1939), but the method 
has failed in the presence of lipoid or fat material. For Gerlach’s (1937 a, 
1938 a, b) claim for a successful fluorescence microscopic demonstration of ele- 
mentary bodies from tumours and of the virus of the foot-and-mouth disease by 
means of Hagemann’s method, one has to wait for confirmation owing to the 
apparent lack of adequate controls in these experiments. 

(3) Results of intravital microscopic studies 

Intravital microscopy naturally found scope for its employment in the observa- 
tion of resorptive and excretory functions of different organs and its most important 
fields of research are the glands and the body fluids. The leading idea, however, 
which led to the development of the method was the desire to obtain information 
about the physical and physico-chemical conditions and processes in the cell and in 
particular about the electrostatic phenomena (Ellinger, 1929). For this purpose 
fluorescin proved itself to be the ideal indicator. Besides, the method had given 
useful help in the elucidation of numerous and quite divergent problems. It has 
been successfully used for instance for the observation and measurement of the 
width of blood vessels (Ellinger & Schmitt, 1933), which permitted the investiga- 
tion of the mode of action of capillary poisons and a study of the permeability of the 
capillary walls allowed Eppinger and his co-woricers (Eppinger, 1937; Kaunitz & 
Sdiober, 1937; Roller & Schober, 1937) to make detailed investigations on serious 
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inflammations, while Vanotti & Pfisterer (1933) compared the amount of capillaries 
in trained and untrained muscles. 

There exists a definite danger in using the method of intravital microscopy. The 
pictures gained with the method differ entirely from those gained by observing 
sections with the usual microscopy in transmitted white light. The interpretation 
of the pictures is therefore difficult, and frequently the evidence is insufficient for 
a satisfactory interpretation to be made. In these cases it is advisable to concern 
oneself wth the description of the picture only and to supplement subjective 
obser\'ation by photography wherever possible. 

(a) Bxaminathn of animal oijects 

In the first papers by Ellinger & Hirt (1929 a, b, 1930 h) observations on 
different organs: kidney, liver, adrenal, testes, thyroid, lung, pancreas, stomach 
and intestinal tract, skin, central nervous system and peripheral nerves of various 
animals by intravital microscopy were described. In addition to the above- 
mentioned in\‘estigations of spontaneous fluorescence of kidney and liver the 
functions of various organs have been investigated. 

The function of the kidney was studied by observation of the elimination of 
fluoresdn, acriflavin and add under normal and pathological conditions in the 
frog by Ellinger & Hirt (1929 c, 1930 a, 1931) and in ffie rat by Ellinger (1934 a, A, c, 
193s, 1940). It was possible by this method to confirm the experiments of Nuss- 
baum and of Ghiron which are of great importance for the theory of urine formation, 
and to eluddate their interpretation which has long been a controversial matter 
(Ellinger 1 934 a, A, c, 1935, 1940). Thepresenceofanexcretoryfunctionoftheproximal 
tubules was also demonstrated (Ellinger, 1934 a, A, r, 1935, 1940). The addifica- 
tion of urine in the frog’s and the rat’s kidney was found to occur in the proximal as 
well as in the distal tubules if the urine was strongly add and almost exclusively in 
the latter if the urine was slightly add. These results were recorded by colour 
photomicrographs of the tint of the fluoresdn fluorescence in the tubular lumen 
(EUii^er, 1939 A). The mechanism of the mode of action of phlorrhidzine has been 
similarly cleared up by Ellinger & Lambrechts (1937 A, c). The observations by 
Ellinger & Hirt dealing with fluoresdn dimination have been confirmed by Singer 
(1933 a) and supplemented by observations on the elimination of aesculin. Observa- 
tions by Singer (1933 a) on the excretion of acriflavin, which differ from those of 
Ellinger & Hirt, are probably due to the use of an ineffective microscope. More 
recent studies by Singer (1936/z) on the function of the Malpighian body of the frog’s 
kidney are partly based on the obviously wrong supposition that the fluorescence of 
fluoresdn is yellow in the alkaline and green in the add region. They are therefore 
valueless. The same holds good for the intravital microscopic part of the publication 
of Keller & Sin^ (^939) 011 th® role of the electrical potentials of cells and tissue 
fluids. E3q)eriments on the excretion of fluorescdn on DapJutia were made with 
imperfect technique by Sturm (1936). The same can be said of the observations 
on the kidney function of frogs after chloroform poisoning or chnledochnl ligature 
by Hartoch (1931). 
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In addition to the function of the kidney that of the liver has been investigated 
most fully. The excretion of fluorescin in the frog’s liver has been shortly described 
by Ellinger & Hirt (1929 a, b, 1930 h). A few observations of the same process 
dealing with the frog’s liver under normal conditions after poisoning with chloro- 
form, ligature of the choledochus, or irradiation with X-rays have been made by 
Hartoch and his co-workers (Hartoch, 1931; Hartoch & Israelski, 1932), but cannot 
be regarded as satisfactory. Franke & Sylla (1933) have investigated very ex- 
haustively the excretion of fluorescin by the normal frog’s liver. They described also 
the mode of action of different blood poisons and of chloroform on the liver function, 
and supplemented their experiments by the first good photomicrographs. The in- 
vestigations on the function of the normal frog’s liver were confinned and extended 
by observations on the response of the rat’s liver to fluorescin and acriflavin by Hirt 
and his co-workers (Hirt, 1934; Ansorge, 1934; Markstahler, 1934; Hirt ei al. 1939). 
Sturm’s (1938) experiments on the bile capillaries of Salamander larva are open 
to serious objections on account of the method used. 

Excretion and absorption of dy^tuflEs by the epithelium of the frog’s stomach 
were examined by Henning (1932 a, i), and valuable results were obtained from a 
study of the mechanism of secretion and excretion on the one hand and that of 
resorption on the other. Results, reported byPick&Zuckerkandl (1935) on differences 
in capacity of various fluorescin salts to be absorbed by the intestines of frogs are 
unlikely. 

May (1934) succeeded in obtaining results of importance for lung pathology by 
observing the nature of circulation in the blown and normal lung and Pfaff and his 
co-workers (Pfaff & Herold, 1936 a, 6, 1937; Pfaff, 1937) could show in rabbits experi- 
mentally infected with tubercle bacilli t^t the central part of the infected lung is 
supplied with blood vessels from the very beginning of necrosis up to the complete 
destruction or caldflcation. 

Investigations on the thyroid gland of the rat have been made by Hartoch (1932, 
1933) and by Peczenik (1935). They deal with the nature of the secretion of coUoid 
and with the behaviour of the blood supply under the influence of different drugs 
and the action of the nerves. Corresponding observations have been made by 
V. Hattingberg & Hartoch (1933) on the ftmction of the maxillary salivary gland of 
the grass snake. Singer & Zwemer (1934) describe the appearance of the frog’s 
adrenal gland in both back reflected and fluorescent light and claim to have observed 
some changes after pithing or the administration of curare or mercury chloride. 

Singer (1933 b) has investigated the leucophore network of the frog’s akin whose 
function h^ been said to be that of a lig^t :^ter. Sturm (1938) has described the 
staining of the epith^a of the Salamander’s skin by fluorescin and acriflavin, and 
Hirt (1939 a) in particular has concerned himself with the mast cells of the sub- 
cutaneous connective tissue of the mouse. The remarkable red fluorescence of the 
latter after injection of acriflavin has led to far-reaching conclusions regarding their 
function. 

The microscopical observation of the function of the eye has long held a place 
of its own because its position and arrangement render it particularly suitable for 
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such studies. It was the first living organ used for fluorescence microscopical 
studies, if only with weak magnifications (comeal microscope), by Thiel (1926). 
The permeability and the staining of its membranes have been investigated ex- 
haustively for the most divergent \dtal dyes by Fischer (1929 a, b, 1930). 

(b) Examination of plant objects 

Intravital microscopy appears to be particularly suited for the solution of 
problems in plant physiology because, first, plant objects need comparatively little 
preparation for observation owing to the large surfaces and small depths of many 
plant organs, so that the whole organ can be examined, and secondly, because the 
filing of the position of the organ, so often diffi cult in animals, is unnecessary. It is 
therefore astonishing that the method has been only rarely applied up to the present. 
Valuable results dealing with absorption, storage and circulation of fluorescent dye- 
stuffs in plant tissues have been gained by the investigations of Schumacher (1933, 
1936, 1937), DSring (1935) and Strugger (1938 &, c) which have been in part 
illustrated by excellent photographs. The former have been criticized by Rhodes 
(1937) who was unable to trace fluorescin in tissues at />H lower than 5*0. 

IV. SUMMARY 

1. Fluorescence microscopy is based on the principle of illuminating the 
microscopic object by fluorescent light produced in the object itself. This must 
either contain fluorescent pigments or must be prepared for the purpose by a 
pre\ious injection of fluorescent dyes. The fluorescence is excited by light rajrs of 
short wave-lengths which are focused on to the object from a special source of light. 
Fluorescence microscopy can often be employed most fruitfully where microscopy 
in ordinary white light is inapplicable, particularly in the following fields of research ; 
(a) for the detection of spontaneously fluorescent pigments and the examination of 
their distribution in the tissues iir translucent and opaque objects; (6) for translucent 
objects treated with fluorescent dyestuflfe, in which case fluorescence microscopy 
may render visible structures which cannot be observed in white light; (c) for the 
microscopic investigation of processes in living organisms which have previously 
been injected with suitable fluorescent dyes (intravital microscopy). 

2. Ttvo fundamentally diflerent types of fluorescence microscopes are in use, 
one using transmitted light for translucent objects, the other using incident light 
for opaque objects. As primary source of light lamps rich in light of 300-400 mft 
and of great intrinsic brightness are used. The light beam is cooled by water and is 
then freed from the visible and infra-red rays by suitable filters. 

For fluorescence microscopy in transmitted light the ultra-violet beam is col- 
lected by a quartz condenser and projected on to a totally reflecting quartz prism 
which deflects the beam into a quartz Abbe condenser fixed in the substage of an 
ordinary microscope. 

For fluorescence microscopy in incident light two types of illumination are used: 
inside and outside illumination. In the former the microscope tube is fitted with a 
side tube through which the ultra-violet beam is projected by a quartz condenser 
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on to a totally reflecting prism or plate. These are fixed in the microscope tube so 
that they deflect the beam into the objective which acts simultaneously as con- 
denser. In the outside illumination type the ultra-violet beam is focused on to the 
object either unilaterally by lenses or mirrors or from all sides by mirrors. For 
fluorescence microscopy in incident light, stands with vertically movable stages are 
essential. For the inside illumination type, objectives are made from glass readily 
permeable to wave-lengths of 300-400 m/i. For all types, objectives must be free 
from fluorescent material. For intravital microscopy only water immersions are 
used, which are constantly irrigated with a physiological salt solution. In all types 
trap filters have to be used to keep away from the eye any traces of the primary 
light. 

3 . For fluorescence microscopy in traiamitted light the object must be prepared 
without using any fluorescent mounting material. Objects which do not contain 
fluorescent pigments have to be treated with fluorescent dyes, a large number of 
which has been described for this purpose. 

For intravital microscopy animals must also be treated with fluorescent dyes, 
fluorescin and acriflavin being most suitable. The former allows a simultaneous 
estimation of the pR of the tissue. 

4. Photomicrographs of the fluorescent image in black and white as well as in 
colour can be obtained both from inanimate and from living objects. In the latter 
case the correct fixation of the object is the most diflicult problem. Much care is 
also necessary to prevent the slightest trace of the primary light passing into the 
camera. 

5. By using a spectral eyepiece it is possible to identify a fluorescent pigment 
present in the tissue by examination of the emission bands of the fluorescent light. 

6. The fluorescence microscopic examination of unstained objects has led to the 
detection and isolation of natural fluorescent pigments, as in the case of lyochromes 
(riboflavin, vitamin B2), and to the observation of the distribution of fluorescent 
pigments in animal and plant tissues (chlorophyll, porphyrins, lyochromes, 
vitamin A). 

No results of great importance have so far been obtained by applying fluore- 
scence microscopy to normal or pathological tissues stained with fluorescent dyes. 

Valuable results have been gained by fluorescence microscopy in the study of 
the mechanism of the effect of fluorescent chemotherapeutics on parasites and in 
bacteriology. The study of virus bodies might become a particular successful field 
for the method. 


Intravital microscopy has been successfiiUy applied to the investigation of the 
physiology and pathology of animal and plant organs, particularly in dealing with 
the function of various glands and body fluids. 

7. Fluorescence microscopy of tbsue sections, smears, or other translucent 


preparations has two primary purposes: 

(a) In unstained preparations it allows the recognition and localization in 
animal and plant tissues of spontaneously fluorescent substances which cannot be dis- 


covered by any other methods. Here the method will probably have a great future. 
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(b) In preparations treated with fluorochroms it is a new method of staining, the 
value of which is, however, not greater than that of other staining methods, though 
it has led to important results in special cases, as in the localization of chemo- 
therapeutics acting on parasites. 

In intravital microscopy which uses fluorescent microscopy only as a means to 
an end, we have, however, a method which has opened a new field for research, as 
it permits the observation of biological processes occurring within living organs and 
cells by extending the two-dimensional pictures of the usual microscopy into three 
dimensional space and adding the fourth dimension of time. The results gained up 
to now should represent only the beginning of a new and promising field for 
research. 


V. REFERENCES 

Abbe, E. (1873). “ Beitrigc zur Theorie des MikroskopB und der mikroskopischen Wahmehmung.” 
Arch. Anat. 8, 413. 

(1878). Die optisthen HVfsmittel der Mikroskopie. Braunschweig. 

(1886). “Ober neue &'Iikroakopie.” SM. Jena. Ges. Med. Naturto., Ges. Abhandl. 1 , no. 20 

(Jena, 1904). 

Ansorob, I. (1934). “Die Ausacheidung von Fluorescein und Trypailavin durch die Leber des 
Winteifrosches.” Inaug. Diss, Heidelberg. 

Arloino, F., Poucard, A. & Lanotron, L. (1925). “Aspects offerts par diverses cultures micro- 
biennes sur Taction des radiationa Anises par la lampe k arc au mercure aprka fdtration par des 
Aacans de Wood (Lumikre de Wood).*’ C.R. Soc. Bicd.^ Paris, 92 , 261. 

Barnard, J. £. (1937). “Foot and moudi disease and vesicular stomatitia. A comparative micro- 
8copi(^ study.” Proc. ray. Soc. B, 124 , 107. 

Barnard, J, E. fic Welch, F. K. (1936). “Fluorescence microscopy with high powers.” y. Roy. 
mer. Sac. 56 , ser. iii, 361. 

(1937)- “The principles of fluorescence microscopy.” J. Roy. micr. Soc. 67 , ser. m, 256. 

Baum, E. (1932). “Fluoreszenznodkroskopie.” Umsdum, 36 , 418. 

Bock, E. & Oesterun, M. (1939). “Uber einige fluoreazenzmikroskopische Beobachtungen.” 

Bakt. 143 , 306. ' 

BOck, J. (1934). “Unteiauchungen des vorderen Bulbusabschnittes mit dem Fluoreszenzmikto- 
ikop.” Z. Augetiheilk. 82 , 269. 

Bo&iMBB, S. (1929). “ Weitere Unteiauchungen Qber die sichtbare Fluoreszenz beim Menschen.” 
Acta derin.-vefieroL, StodUi,, 10, 391. 

(1933). “ Cber die Fluoreszenz der elaatiachen Faser in der Haut.” Dam. Z. 67 , 319. 

Borst, & KOnigsdObffbr, H. (1929). Untersuchungen Uber Porphyrine. Leipzig. 

Chapman, W. & Alldridob, R. S. (1923). “A combined microscope objective and illuminator for 
examining and illuminating an object from the same side.” Patent Specifications, N.S. 1160. 
No. 215929. 

Daugherty, T. H. & Hjort, £. V. (1934). “A new ultra-violet microscope illuminator. Preliminary 
studies of ha use with rayons.” Indmtr. Engt^ Chem., Anal. Ed. 6, 370. 

DisisAEdi, M. (1937). “Les rapports dupH k la couleur.” Pe^ier, 40 , 676. 

Dbrribn, E. (1924}. “ Note prfliminaire sur quelques fsits nouveauz pour Thistoire naturelle des 
poiphyiines animales.” CJi. Soc. Biol., Paris, 91 , 634. 

Derrien, E. & TuRcmNi, J. (1924). “Sur Taccumuiation d’une porphyrine dans la glande de 
Harder des Rongeun du genre Mus et sur son mode d’exciAion.” CJL Soc. Biol, Paris, 91 , 
637. 

(1925). “Nouvdles observations de fluorescences rouges chcz les animaux.” CJL Soc. 

BioL, Paris, 92 , 1030. 

Dh£b£, C. (1933). “ Nachweis der biologisch wichtigen KOrper durch Fluoreszenz und Fluoieszenz- 
spehtren,” Handb. bioL ArbMeth. Abt. n, p, 3097. 

(^ 939 )' “La spectrocfainue dans Titude des piquets biologiques.” Fortschr CJiemie Natur~ 

s^e, 2, 310. y^en. 

DOring, H. (1935). “Versuche fiber die Aufhahme lebender Stoflk in lebenden Pflanzenzellen.” 
Ber. dts^ baL Ges. 63 , 415. 

Eichlbr, O. (1934). “ Fluores^zmikioakopische Untersuchungen fiber Verbolzung und lignin.” 
CeOalos^-Chem. 15 , 114. 



Fluorescence microscopy in biology 


343 


Eichler (1935}* “ Fluoxeszenzmikrodcopische Untersuchungen ttber Veiholzung und Lignin.” 
CeUulou-Chem. 16 , i. 

Ellwger, P. (1939). “ Electrostatik in der Biochemie. Diskusdonsbemerining Uber Vital£arbung.” 
KoUoukhem. Beih. 28 , 385; 29 , 14. 

(1934 a). “ Ober neuere Arbdten zur Funkdon der Niere.” Aeta brev. Neerl. 4, 30. 

(19346). “Note on the theory of urine production.” J. Physiol. 82 , loP. 

(1934 c)* “Note on the function of the mammalian kidney.” J. Physiol. 82 , 12P. 

(i 93 S)» “Note on the function of the proximal tubules of the kidnej'.” Demonstration on 

167^ Meeting of the Biochem. Soc. Chem. & Ind., 54 , 85. 

(1938)- “Lyochtomes in the kidney. With a note on the quantitative estimation of lyo- 

dbromes.” Biochem. J. 32 , 376. 

(1939 a). “ Colour photomicrographs of living organs.” Demonstration on the Meeting of the 

Briti^ Pharmacological Soc. at Oxford, 7 July 1939. 

(1939 6). “The site of acidification of urine in the frog’s and rat’s kidney.” Quart. J. exp. 

Physiol, (in the Press). 

(1939 c). Unpublia^d experiments. 

(i94o). “ The formation of urine in the amphibian and mammalian kidney.” J. Physiol. 97 , 433. 

Ellingbr, P. & Hist, A. (1929 a). “Mikroskopische Untersuchungen an lebenden Organcn.” 
Demonstration on the 38th Congress of the Deutsche Anat. Ges., Ttibingen, 1929, Erg. H, 
Anat. Anz. 67 , 225. 

(1929 b). “Mikroskopische Untersuchungen an lebenden Organen. I. Mitt. Methodik. 

Intravitalmficroskopie.” Z. ges. Anat. EntsuGesA. 90 , 791. 

(1929 c). “Mikroakopische Untersuchungen an lebenden Organen. II. Mitt. Zur 

Funktion der Froschniere. (Die Ausscheidung des Fluoresceins in der Froschniere.)” Arch, 
exp. Path. Pharmak. 146 , 193. 

(z930<i). “Mikroskopische Untersuchungen an lebenden Organen. III. Mitt. Zur 

Funktbn der Froschniere. (Die Ausscheidung von Fluorescein und Trypaflavin dutch die 
Niere des Winterfrosches.) ” Arch. eatp. Path. Pharmak. 160 , 285. 

(19306).“ Eine Metihode zur Beobachtung lebender Organe mit stfirksten Vergrdsserringen 

im Lumineszenzlicht. (Intravitalmikroakopie.) ” Handb. biol. ArbMeth. Abt. v, Teil a, 1753. 

(1931)* “Mikroskopische Untersuchungen an lebenden Organen. IV. Mitt. Zur 

Funktion der Froschniere. (Die Ausscheidung von Trypaflavin und Sfluie dutch die Niere 
des Sommerfrosches.) ” Ardi. exp. Path. Pharmak. 169 , iii. 

Elunger, P. & Koschasa, W. (1933 a). “ Uber eine neue Gruppe tierischer Farbstoffe (Lyochrome). 


I. (vorlftufige) Mitt.” Ber. dtsch. chenu Ges. 66, 315. 

(1933 6). “Uber eine neue Gruppe rierisdher Farbstoffe (Lyochrome). II. Mitt.’' 


Ber. 

dtsch. chem. Ges. 66, 808. 

' (z933 c). “Uber eine neue Gruppe tierischer Faxbstofib (Lyochrome). III. Mitt.” Ber. 


dtsch. chem. Ges. 66, 1411. 

(1934). “The lyochromes: a new group of animal pigments.” Nature, Land., 133 , 553. 

Rr.T.m oHR, P, & Lambrbchts, A. (1937 a). “La localisatian de I’effet de la phlorhizine dans le rein 
vivant” CJR. Soc. Biol., Paris, 124 , a6i. 

(1937 6). “The efiEect of phloridzme on the elimination of dyestufiEs in the kidn^.” 

y. Physiol. 89 , 30 P. 

(1937 c). “Note on die localization of the ^yc<»uric action of phloridzine.” J. PhysioL 


89 , 33 ^*. 

Ellxnobr, P. & Schmitt, J. (1933). “ Uber den AngriSspunkt der Axsenwidung.” Ardi. exp. Path. 
Phcamak. 171 , 250. 

Emmxnobr, E. (1933). “ Fluoreszenzmikroskopiache Untersuchungen bei etoer Schlairnittelver- 
giftung.” KBn. Wsda. 12, 1840. 

Emmingbr, £. & Battistini, G. (1933). " Fluoreszenzmikroskopische Untersuchungen an bletvei> 
gifteten Kaninchen mit und ohne Caldumzufuhr.” Virchoas Arch. 290 , 49a. 

Enoblmann, T. W. (1888). “Das Microq>ectrometer.” Z. teiss. Mikr. 6, 289. 

Eppinceeb, H. (1937). “t)ber Ermtldung, EntzOndung imd Tod.” Z. hlin. Med. 133 , i. 

TCRftfl, G. (193a). “Eine neue Darstellungsmethode der sogenanntwi gelben Argentaffinenzellen des 
Magendaimtraktes.” Zhl. aUg. Path. Anat. 64 , 385. 
y. Eolbr, H., HelistrOm, H. & Adlsr, E. (1935). “ Huoreszenzmikroakopische Studien fiber das 
Flavin in Augen.” Z. vergl. Physiol. 21, 739. 

EZNHR, R. (1932). “Fin des mwnBebliehen Gebima.” PsychutL- 

tmtrol. Ws^. 34 , 325. 

(1933). “Das fluoreszierende Olivenbild.” Psycksot.-neuroL Wschr. 35 , 31^ 

(1934)* “Zui Fluoreszenzmikioakopie des menacblichen Gefaims.” FtydiaL-^aeuroL Wschr. 

36 , 291. 

(X937) “Ein Multiple Sderose-Herd im Fluoreszenz-mikzoakpp.” PsychtaL-neuroL Wschr. 


39 , 283. 



344 P- Ellinger 

K.yv tr, R, & Klemperer, E. (1930). “Die Fluoreszenz des Liquor cerebrospinalis.” Psychiat.- 
neurol. Wschr. 32 , 218. 

Fikentscher, R. (1930). “ Tierische Ochronose und Porphyrie.” Vircfwws Arch. 279, 

——(1935). “ Untereuchungen fiber den Porphyrinstofi^echsel in der Schwangerschaft." Z. 
Geburtsh. GynSk. Ill, 164. 

Fikentscher, R., Fink, H. 85 Emminger, E. (1031). “ Unterauchungen an Knochen wachsender 
Sfiugetiere nach Injektion verschiedenartiger Porphyrine.” Klin. Wschr. 10, 2036. 
Fikentscher, R., Fink, H. & Emminger, E. (1933). " Untersuchungen an Knochen wachsender 
Sfiugetiere nach Injection verschiedenartiger Porphyrine.” Vircho^ Arch. 287 , 764. 

Fischer, F. P. (1929 a). “Vitalfirbungen am Auge.” Kolhidchem. Beth. 28 , 333. 

(19296). “Uber die PermeabiUtat der Homhaut und fiber Vitalffirbungen des vorderen 

Bulbusabschnittes mit Bemerkungen fiber die Vitalftrbung des Plexus choriotdeus.** Arch. 
Augettheilk. 100/101, 480. 

(1930). “tJber die TeilchengrOsse intra vends injizierter Farbstoffe in Blut und Kammer- 
wasser.” Arch. Augenheilk. 103 , 554 - _ . 

Fischl, V. & ScHWENK, E. ( 1933 ). “ Fluoreszenzmikroskopie als chemotherapeutische Fotschungs- 
methode.” Klin. Wschr. 11 , 1 1 14. 

Fischl, V. & Singer, E. (193s). “ Die Wirkvingsweise chemotherapeudsch verwendeter Farbatofie.” 
Z. Hyy. 116 , 348. 

Franks, K. (i935)> “Die Technik photographischer Au&ahmen bei tnikroskopiachen und fluorea- 
zenzmikroskopiachen Lebendbeobachtungen.” Hasidb. biol. ArbMeth. Abt. v, Teil 10, 97 t>. 
Franks, K. & Sylla, A. (1933). “jVIikroskopischeLebendbeobachtungenumerer Organe. L Mitt. 
Gallenkapillar iin<f Leberzellenstudien mit Mikrophotogranunen am lebenden Frosch.” Z. ges. 
exp. Aled. 89 , 141. 

Gerlach, F. (1937 a). “Zur Virua-Fluoreazenz-Mikroakopie.” Wien. kHn. Wschr. 50 , 1575. 

(19376). “Ergebnisae mikrobiologischer Unterauchungen bei bSsartigen G^chwfUaten.” 

Wien. klin. Wschr, 60 , 1603. 

(1938 a). “Uber dm Nachweia granuUlrer Formen vom Typua der ViruakOrperchen bei 

Maul- und Klauenaeuche.” Z. Ir^ektKr. Haustiere, 64 , 8. 

(1938 6). “ Vetauche zur Sichtbaimachung und Kuldvierung spezifiacher Mikroorganiamen 
TOn Viruakrankheiten und bdaartigen GeachwfUsten.” Wien, tierarztl. Mschr. 25 , 165, 
Grabner, a. (1933). “ Die Farbenphotogcaphie von Fluoreazenzerscheinungen an mikroB^piachen 
Priparaten.” Photogr. Karr. 69 , No. 5, Suppl. 15. 

Hagemaj^, P. K. H. (1937 a). “Virua-Fluoreszenzmhroskopie.” MSnch, Med. Wschr. 84 , 761. 

(1937 6). “ Fluoreszenzznikroskopiacher Nadiweis von Leprabakterien im Naaenachleim und 

im Blut.” Dtsch. med. Wschr. 63 , 514. 

(1937 c). “ Fluoreazenzmiktoakopis^e Unterauchungen fiber Virus und andere Mikroben.’* 

Zbl. Baku 140 , 184. 

■(1938). “Fluoreazenzf&rbung von TuberkelbakterienmitAuranun.” MOneh. Med. Wschr. 85 , 
1066. 

Hattinger, M. (1930). “Ein Fluoieszenzmikroskop mit ein£acben Mitteln.” Mikrochemie, 8, 81. 

(1931). “Ein lichtatarkea Fluoreszenzmikroakop.” Mthrochemie, 9 , 220. 

(1934). “Die Methoden der Fiuoreszenzmikroakopie.” Handb. biol. ArbMeth. Abt. II. 2, 

3307. 

(1935). “Die Grundlagen der FhioreazenzmikroBkopie. II. Wirkung der Fluorochiome auf 

pflanzEche Zellen.*' Beth. Bat. Zbl. Abt. A, 53 , 378. 

(1938 a), “ Die Fluoreszenzmikroskopie.’* Handb. Vinuforsch. 1 , 131, Wien, J. Springer. 

(19386). Die Fluareszenamikroskopie. IhreAmcendunginderHistologieundChemie. I^pzig, 
Akad. Verlagaanst. 

HATnNQBR, M. & Esner, R. (1936). “Zur Fluoreszenzmikroskopie des menschlichen Gehims." 
Psyddat.’^neuroL Ws^. 38 , 183. 

HAmNOER, & Hamperl, H. (1933). “ Die Anwendung des Fluoieazenzmikroskopes zur Unter- 
suchui^ tierischer Grewebe.” Z. mikr. Anat. 33 , 193. 

Haitingsr, M. Sc Linsbauer, L. (1933). “Die Grundlagen der ‘Fiiwr wiggfiwniirmalrn pii* und ihie 
Anvrendung in der Botaoik.” B^ Bat. Zbl. Abt A, 60 , 432. 

• ' (1935). “Die Grundlagen der F>»nra«y.^n«Tr>f 1 ffrMilrftpiV m. Darstellung organisierter 

ZelleinschlOsse.” Beth, BoL ^l. Abt. A, S 3 , 387. 

Hattinger, M., Linbbaukr, L. & Eibl, A. (1929). “tJber dgw Veihalten lebender und erfrorener 
GebfUze im ultraviolet^ Lichte.” Bioihem. Z. 216 , 191. 

Hamfehl, H. (1934). ** Die Fliioreszenzmikrogkopie menachlicher Gewebe.” Virchoms Arch. 2182 , i. 
Habtogh, W. (1931)* “ Zur Moiphologie der Lebar- und Nierenaekietion. Lebendbeobachtungen 
im Luminenxnzlicht.” Z.ges. es^. Med. 78 , 538. 

■ (1932). “ Mikroakopiache Ldbendbeobachtnng der SfiugetieradbdlddrQse.’’ Klin,Wschr, 11 , 1224. 

■ (1933)' “Mikroakopiache Beobachtungen an lebenden Oxganen, Speicheldrflse Schild- 
dxQ^ Dtrayttalmiktoakppie im T . umTnwamruiitftht ,” KJfn Wschr. 12 , 



Fluorescence microscopy in biology 345 

Hartoch, W. & IsRAELSKi, M. (iQS^)’ "ZuT WirkuQg der Rdntgenstrahlen auf die Funktioa secer- 
nierender Organe. Lebendbrobachtungen im Lumines2enzlicht.” Strafilentherapie, 44, 557. 

V. Haitingberg, J. & Hartoch, W. (1933)* “Pbysiologische Untersuchungen an lebenden Speichel- 
driisen von Ringelnattem.” Z. Biol. 94 , 99. 

Hauser, F. (1929). Ein Schriglicht-Illiiminator fUr Opakbeleuchtung.” Z. InstnmiKde, 49 , 496. 

(1931)- “ Zur Syatematik der Auflichtbeleuchtung.” Z. m/m. A/iftr. 48 , 63. 

(1932)- “Grundlinien der Beleuchtung mit auffaUendem Licht.” Zeiss Naclvr. i. Folge, 12. 

(1936). “Der Epi-Kondensor W ala Hilfamittel der Lumineszenzmikroskopie.” Zeuf Nachr. 

2. Folge, 10. 

Hauser, H. (1929). “ Fluoreszenzerscheinungen am weibUchen Genitale.” Strahlentlierapie, 33 , 582. 

HeimstXdt, O. (1911). “ Das Fluoreszenzmikroskop.” Z. zoiss. Mikr. 28, 220. 

Heine, H. (1931). “Der Ultropak. Mitteilungen aus den Leitz-Werken in Wetzlar.” Z. wiss. Mikr. 
48 , 4 SO. 

HellstrOm, H. (1936). “ Uber die Anwendung des Epi-Kondensoxs W in der biolpgischen Lumines- 
zenzmikroskopie.” Zeiss Nachr. 2. Folge, 28. 

Helmholtz, H. (1874). “Die theoretischen Grenzen fttr die Leistungs^higkeit der A^Iiboskope.” 
^Hft. Phys., Lpz., Jubelband, p. 557. 

Henning, N. (1932 a). “ Die Aus^eidimg von FarbstofiEen dutch die Magenschleimhaut. Mikro- 
skopische Untersuchungen am lebenden Tier.” Arch. exp. Path. Pharmak. 166 , 191. 

(1933 A). “ Die Resorption von Farbstoffen durch die Magenschleimhaut. Mikroskopische 

Untersudhung am lebenden Tier.” Arch. exp. Path. Pharmak. 166 , 42. 

Herrmann, W. (1938). “Der Nachweis von THiberkelbazillen mit dem Fluoreszenzmikroskop.” 
Dtsch. med. Wschr. 64 , 1354. 

Hirt, A. (1934). “Uber mikroskopische Untersuchungen an der lebenden Leber bei Frosch und 
weisser Ratte.” Ariat. Anz., Erg&nzbd., p. 222. 

(1939 a). “ Lumineszenz-mikroskopischc Untersuchungen an den Mastzellen der lebenden 

Maus.” Amt. Anz., Erginz. H, 87 , 97. 

(1939 b). “ Intravitalmiktoskopie im Lumineszenzlicht.” Zeiss Nachr. 2. Folge, 358. 

Hirt, A., Ansorge, I. & Markstahler, H. (1939). “Lumineszenzmikroskopische Untersuchungen 
an der lebenden Frosch- und Rattenlebw.” Z. ges, Anat. i, Z. Anat. EntioGeseh. 109 , i. 

Hirt, A. & Wimmer, K. (1939 a). “ Lumineszenzmikroskopische Beobachtungen Ober das Verhalten 
von Vitominen im lebmden Organismua. Das Vitamin Ba in der Leber.” Klin. Wschr. 18, 733. 

(1939 b). “ Lumineazenzmikroekopische Beobachtungen Uber das Verhalten von Nicotin- 

siuxe xmd Nicotinslureamid im lebenden Oxganiamus.” KUn. Wschr. 18 , 765. 

V. jANCsd, N. (1932). “ Beobachtung chemotherapeutischer Vorglnge im Fluoreszenzmikroskop.” 
Klin. Wschr. 11 , 689. 

v. JancsO, N. & jANCsd, H. (1936) “ Fluoreazenzmiktoskopische Beobachtungen der reveraiblen 
Vitamin A-bildung in der Netzhaut wfihrend dea Sehaktes. Vorl. Mitt.” Biochem. Z. 287 , 289. 

Johnson, B. K. (1934). “An Ultraviolet Micr(»cope for the Examination of Opaque Objects.” 
y. sd. Instrum. 11 , 384. 

Kai^crlino, C. (1917). “Uber die Unterscheidung der Tubeikelbazillen mit dem Fluoreszenz- 
mikroakop.” Z. Tuberk. 27 , 156. 

(1921). “Mitteilungen Ub^ das Verhalten von Bakterien im LumineRzenzmikroskop.” Verh. 

Dtsch. path. Ges., Zbl. AJlg. Path. & Anat. 31 , 91. 

Kaunitz, H. & ScHOBER, B. (1937). “ Uber die VerBnderung der electrostatischen Krlfte im Geu'ebe 
bei serdser Entztindimg.” Z. Klin. Med. 131 , 218. 

Keller, C. J. (1938). “Eine vereinfachte Mediode zur Auffindung von Tubeikelbazillen im 
Fluoreazenzlic^t.” MUnch. med. Wschr. 86, 2024. 

Keller, C. J. 81 Sbgoel, K. A. (1934). “Uber das Vorkommen fluoreszierender ErythrosTten.” 
FoUa haemat., Lpz., 62 , 241. 

Keller, R. & Singer, E. (1939). “The rfile of the electrical potential of cells and tissue fluids 
in normal and pathologic metabolism. A guide to rational preoperative and postoperative 
therapy.” Amer. J. Surg. 43 , 170. 

Klbmm, O. (1917). “ Fluoreszenzerscheinungen im Pflanzenreich.” Inaug. Diss., Jena. 

KOoel, 0.(1928). “ Uber eine neue Vorrichtung zur Photographie von Lumineazcnzeracheiaungen.” 
Photogr. Karr. 64 , la. 

KOhlsr, a. (1904). “Mikrophotographische Untersuchungen mit ultraviolettem licht.” Z. toiss. 
MUer. 21, 129 und 273. 

KbHLER, A. & SiETKENTOFF, H. (1908). “ Dunkdfeldbeleuchtung im ultmvioletten Licht.” Quoted 
from Loos, W. (1939). Zeiss Nachr. a. Folge, 319. 

KArbler, j. (1931). “Untersuchung von Kreb^iewebe im fluoreszenzerregenden Licht.” Strdhlen'- 
iherapie, 41 , 510. 

(193a). “Rote Fluoreszenz von Krebsgeschvrflien.” Strahlenthert^iie, 43 , 317, 

BE Kowals^ j. (191X). “Note on the fluorescence of various animal and plant tissues.” BuB, Soc. 
fnbowrg. Sd. not. 19 , 32, quoted from FoHcazd, A. (1925}. BulL Histt^ App. 2, 167. 



346 


P. Ellinger 


Kliin, R., Gvorgv, P. & Wagner-Jauhegg, T. (1933). "Ober eine neue Klasse von Naturfarb- 
stoffen.” Ber. dtsch. client. Ges. 66, 317. 

Lehnlvnn, H. (1910). “Uber ein Filter fiir ultraviolette Strablen und seine Anwendungen.” Verh. 
dtsch. Phys. Ges, 12, no. 21. 

(i 9 i 3 )' “Daa Lumineszenzmikroskop, seine Grundlagen und seine Anwendungen.” Z.tciss. 

Mikr, 30 , 417. 

Lckk, S. (1931). “Uber das Vorkonunen von Porphyrin in menschlichen Zihnen und im Zahn- 
stein.” Z. Stomatol. 29 , n. 

Loos, W. (1939). “Die Entwicklung des Lummeszenzmikroskops und seine Bedeutung fUr die 
Biologie.” Zeiss Sadir. a. Folge, 319. 

hlARKSTAHi^ H. (1934). “£He Ausscheidung von Fluorescein und Trypaflavin dutch die Leber 
der weissen Ratte.” Inaug. Oiaa., Heidelberg. 

May, H. (1934). “Die Krei^ufverhfiltnisse der geblfihten und nichtgeblihten Lunge im Vital- 
mikrodEop.” Dtsch. Z. Chir. 243 , 341. 

Mbhi£r, L. & Pice:, J. (193a), “Uber ein Mikroskop zur Untersuchung lebenden Grewebes. Vorl. 
hEtt.” Anat, Anz. 7 B, a34. 

Melczer, N. & Venebi-Wlassics, T. (1939). “Die Quecksilberhochdrucklampe als Lichtquelle flir 
Fluoreszenzmikroakopie und Mikrophotographie.” Z. tciss. Mikr. 56 , aoa. 

Metzner, P, (i9a4). “ Zur Kenntnis der photodynamischen Erscheinungen. III. Mitt. Uber die 
Bindung der vdiksamen FarbstofFe in der Zelle.” Biochem. Z. 148 , 496. 

(igaS). “Ein einfaches Fluoreszenzmikroskop.” Z. tmts. JkTtAr. 45 , 51. 

(1929 «)• “ Uber die Abbildung von Kanten imd Fl&chen im auffiUlenden Licht.” Z. vdss. 

Mikr. 46 , 215. 

(1929 &)• “ Uber einen Parabolapiegel Rlr Beobachtungen im au&llenden Licht.” Z. tciss. 

Mikr. 46 , 233. 

(1930 a). “Einfache Einrichtungen zur Fluoreszenzmikroakopie und Fluoreazenzmikro- 

photographie.” Biol. gen. 6, 415, 

(1930 b). “Uber das optische Verhalten der Pfknzengewebe im langwelligen ultravioletten 
licht.” Plattta, 10, 281. 

Pbczbnik, O. (1935). “Uber den E in fl uaa des vegetativen Nervensystems au£ die Schilddriise.” 
Arch. ges. Physiol. 236 , 486. 

Pfaff, W, (1937). “Die Verbindung des Tuberkuloseherdes mit der Blutbahn im Lichte der 
Fluoreazenzmikroskopie.” Kim. Wsckr. 16 , 284. 

Pfaff, W. & Herold, W. (1936 a). “Eine Methode zur mikroskopischen Beobachtung der Lunge 
des lebenden Kaninchens in Auflichtbeleuchtung.” Beitr. KJsn. Tuberk, 87 , 519. 

(1936 4 ). “ Mikroskf^ische Beobachtungen an der gesunden und tubeikijlda infizierten 
Lunge da lebenden Kaninchens unter Verwendung der T . iiminw«i»»nwTii lnY«alr»piftr” Beitr. KUn. 
Tuberk. 87 , 534, 

(i 937 )- Grus^Oagen eixur neuen There^orschujs der Tuberkulose. Leipzig: Georg 
Thieme. 


PflOgbr, H. (193 1)* **Zahnbefunde bei Vitalfirbung mit Uroporphyrin.*’ KUn. Wsdtr. 10 , 57a. 

Pick, J. (1934a). “Uber ein Mikroskop zur Untersuchung lebender Organe. II. Mitt.” Z. tciss. 
Mikr. 51 , 357. 

(19344). “ Emige Vitalfibrbungen am Frosch mit neuen fluorescierenden Farben.” Z. tciss. 

51 , 338. 

Pick, J. & Zucbbreansl, F. (193s)* '*Der Einflnss des Kations von Fluoresceinsalzen auf die 
Resorbierbariteit durch den Daim.” Z. ges. exp. Med. 96 , 747. 

Pouc&BD, A, (1924). “ Etude sur les aspects oSerts par dea tumeurs erpA rinrutTifflli^ ezamindes k la 
lumiire de Wood.” CJt Soc. BioL^ Paris, 91 , 1423. 

(1925 a). "Emploi de la fluotoscope dans I’dtude des tissues.” BuU. HistoL App. 2, 167. 

■ (1925 4 ). Application de la spectrophotomdtrie auz recherches de fluoroscopic histologicrue 
(Microspectrpphotomdtrie).” BuU. Histol App. 2. 317. 

V. Pmwazek, S. (1914). “ Uber Fluaeszenz der Zellen.” Klemoelt, 6, 30 and 37. 

V, Quqweb, F. R. (x 93 d)« Dio parapla amati wc hon Kinschlttase der Xicberzellen. im Fluoreszenz- 
mikrosfcop und der Leuchtatoflf X.” Ara. Akad. Wiss. Wien, 69 , 171. 

(1933)* “ MSktofluoroskopie und Histologie.” Z. rmkr. Anat. 32 , 444. 

-(1935)* “DermikroskopiMdiaNachweisvon Vitamin Ain animalemGewebe. Zur Kenntnis 

der par aplasmatiachen LeberzeUeinschlOsse. III. Mitt” Klhu Wsckr. 14, 1213. 

V. F. R. & Sturm, K. (1934). “ Die paiaplaamatischen FetteinachlOaae der Lebeizellen 

undderLeuchtatoffX.” Anat. Anz. 79 , 

** Uber ein neuesAuflichtimmenionsiiukroskop.” Z. tciss. Mikr. SI, 179. 

(i 93 W* “Uber ein Mikn^topanaatzsystem mit Aperturblende.” Z, tciss. Mikr. 51 . x8a. 

RBiCBBRr, K. (1911). “Das Fluoreszenzmikro^bjp.” Phys. Z. 12, loia ^ 

Rho^ JL (1937). “Hie movement of fluorescein in the plant.” Proc. Leeds phU.UL Soc., Sdu 
Sect. 3 , 389. 



Fluorescence microscopy in biology 347 

Roller, Di & Schober, B. (1937). ‘*l)ber *Begleitstreifen’ der Lebergeftsse bci ‘serdser EntzUnd- 
ung*.” Z. ges. exp. Med. 100 , 547. 

SCHOCHARDT, M. (1936). “ Lumineszenzmikroskopische Untersuchungen mit dem Epi-Kondensor 
W. 1 . Zur PraziB der Lumineszeozmikroskopie mit dem Epi-Kondensor W.” Zeia Nacltr. 
2. Folge, 16. 

ScHUMAOiER, W. (1933). “ Untersuchungen ttber die Wanderung des Fluoresceins in den Sieb- 
rdhren.” Jb. zous. Bot. TJ^ 685. 

(1936)* “ Untersuchungen Uber die Wanderung des Fluoresceins in den Haaren von Cucurbita 

Pepo.” yb. Kiss. Bot. 82 , 507. 

(z 937 )> “ Untersuchung Uber die Wanderung von Farbstoffen in den SiebrShren.” Jib. toiss. 
Bot. 86, 4Z2. 

Segoel, K. a. (1934). “Uber das Vorkommea fluoreszierender Erythrozyten." Fotia haenuit., 
Lpz.f 62 , 250. 

(1937)* “Beitifige zum Blut&rbstoffwechael der Anaemia pemiciosa.” Klin. Wschr. 16 , 382. 

Singer, £. (1932)* “A microscope for obaervationa of fluorescence in living tissues.” Science, 76 , 
289. 

(1933 <*)• “ Observations on the hog’s kidney with die fluorescence microscope.” Am. J. Anat. 

63 , 469. 

(1933 b). “ Structure and relations of the leucophores of Ranapipiens, as revealed by the ultra- 
violet and fluorescent.” Anat. Rec. 68, 93. 

(19360). “Histologicala8pectsofthefiinctionoftheMalpighianbodyintheli\'ing&og’8kidncy, 

bas^ on studies with the fluorescence microscope.” Anat. Rec, 66, 343. 

(1936 b). “ Photodynamic effects of fluorescent substances in the living kidney.” ArcJi. Path. 

Lab. Med. 22 , 813. 

Singer, £. & Zwemer, R. L. (1934). “ Changes in Adrenal sdfuid of living frog.” Anat. Rec. 60, 182. 
Smiles, J. (1933)* “Dark-ground illumination in ultra-violet microscopy.” y. Roy. Micr. Soc. 53 , 
Ser. lu, 207. 

Strugoer, S. (1938 a). “Die Vitalffirbung des Plasmas mit Rhodamin B.” Protoplasma, 38 , 85. 

(1938 h). “ Fluoreszenzmikroskopis^ Untersuchungen Uber die Speicherungund Wanderung 

des Fhioreszeinkaliums in pflanzlichen Geweben.” Flora, N.F. 32 , 253. 

(1938 c). “ Die fluoreszenzmikroskopische Analyse des Transpirationsstromes in Parenchymen. 
I. Mitt. Methode xmd Beobaditung^” Flora, N.F. 33 , 56. 

StObel, H. (1911). “Die Fluoreazenz tieiischer Gewebe in ultiaviolettem Licht.” Ardu ges. 
Phyaol. 142 , i. 

Sturm, F. (1936). “Zu Fragen der Nierenphysiologie, bes. der Cladoceren nach elektiver Vital- 
fbbung.” Z. vergl. Physiol. 23 , 420. 

(1938). “Meine Beobachtungen mit Hilfe der Intravitalmikroskopie.” Biol. gen. 14 , 55. 

SuTRO, C. I. (1936). “ Fluorescent microscopy.” Arch. Path. Lab. M^. 22 , 109. 

Thiel, R. (1926). “Bin Beitiag zur Spaltlampenmikroskopie des Auges im ultravioletten Licht” 
Z. Augeitheilk. 58 , 86. 

Tbwett, M. (1911). “ Uber Reicherts Fluoreszenzmikroekop und einige damit angestellte Beohach- 
tungen Uber Chlorophyll und CyanpphyU.” JBsr. dtsch, boU Ges. 29 , 744, 

Turchini, J. (1924). “Demonstration of fluorescence microscopy vtith incident lig^t” C.R. Ass. 

Anat Congr. de Strasabourg, quoted from Folicard, A. (1925), Bull. Histal. App. 2, 167. 
Urbach, E. (1938). “Schwerste Lichtdeimatosen auf Grwdlage von isolierter palhologischer 
Potphyrinbildung im Datzne infolge Dysbakterie und Hepatopathie.” KBn, Ws^. 17 , 304. 
Vanotti, a. 8e Pfistbser, H. (1933). “Untersuchungen zum Studium des Tiainiertseins. IV. Die 
Blutversorgung des ruhenden Muskels am trainierten Tiere.” Arbeitsphysiob^, 7 , 127. 
VoDRAZKA, O. (1930 a). “Eine wnfnrhft Eumchtung zum Studium der Mikcofluoreazenz.” Mikro~ 
hosmos, 24 , 74. 

(1930 h). “ Das Mikroskopieren von Holz im flltrierten Ultraviolettiicht” Z. mss. MSkr, 46 , 

497. 

VoNwnxER, P. (1927). “Neue Wege der Gewebdehre.” Z. Anat. 84 , 476. 

WiLSCHSB, A. (1914). “Uber die Fluoreazenz der Chlorophyllkonqjonenlen.” Z.foitt.Mi^. 31,338. 
WiMMER, C. (1935). “Zur MikrDphotographie von i^uoreszenzeischeinungen in pflanzlichen 
Geweben.” Phoiogr. u. Forsch. p. 22. 

Wolfram, T. (1938}. “Uber den Nachweis granulfiter Gd^ilde vom Typus der Virus-Elementar- 
kOxpcrchen in den Effloreszenzen von Pemphigusktanken.” Arch. Derm. Syph,, Wien, 178 , 

Wood, K (1903). “The Electrical Resonance o£ Metal Partides for Light- Waves.” PhiL Mag., 6, 
259. 

Zeqs, C. (i939}> Luntadscence Microscope. Pamphlet Mikro, S 37 «* 



34 ® 


P. Ellinger 


ADDENDUM 

The sources of light have been augmented by the design of a small high pressure 
mercur}^ lamp, Lux u.w., suitable for bacteriological investigations, in addition to 
the larger Lux u.v. (Keller, 1939; Melczer & Venkei, 1940). The theory and the 
available systems of illuminating apparatus for transmitted and particularly for 
mcndent light have been exhaustively and critically described by Hauser (1939 b), 

while a short review of ultra-violet microscopy has been published by Caspersson 
(1939) ; oiost recent developments of the luminescence microscopy have been 
described in a pamphlet of Zeiss (1940). 

Spontaneous fluorescence has been observed in the silk glands of the silk moth 
(Policard & Paillot, 1925; Beer, 1928, 1930); in those of spiders (Turchini & Millot, 
1926), in the peritrophic membrane of the intestines of orthopterans (Salfi, 1937); 
a green fluorescent pigment has been observed by Simonetti (1936) in the integument 
of the latter. 

A greenish fluorescence has been found in various plants after treatment with 
alkali by Edein & Linser (1930), who have also examined the distribution of the 
fluorescent esculin in Aesculus Mppocastanum (1930, 1932). 

Popper (19400) has studied by means of fluorescence microscopy the localization 
of vitamin A in the liver and the epithelium of the adrenal cortex in normal rats, 
rats deficient in vitamin A, in the latter after adding vitamin A to the food, and in 
livers of rabbits, monkeys, dogs, guinea-pigs, mice and frogs. The experiments have 
however, been carried out with less care and inferior methods than those by 
V. Quemer (1932, 1935) and by Hirt (Hirt et al. 1939) on the same subject. Popper 
(1^0 b) has also examined vitamin A in livers, adrenals, and other organs of human 
beings. He claims that in infectious diseases the number of green fluorescent 
Kuppfer’s star cells is increased and in exhausting diseases, acute hepatitis and 
curhosis diminished. 

Wimmer (1939) describes changes in the spontaneous fluorescence and in the 
red fluorescence following the injection of Hirt’s “special acriflavin” after reduction 
or increase in the diet of vitamin A, B^, Bg , C or nicotinic acid in various organs of 
frogs, mice and rats. He concludes from the results that the reticular endothelial 
system plays an important r 61 e in the vitamin metabolism and he draws far-reaching 
conclusions concerning the vi tamin therapy. 

Hagemann*s results on the successful staining of tubercle bacilli with auramin 
have been further confirmed by Clauberg (1939), Dabelstein (1939), Didion (1939) 
and Kuster (1939). The latter recommends auramin also for the staining of diph- 
theria bacteria while Keller (1939) coriphosphin H for th i s purpose. Acridin- 
yellow is recommended for the staining of tubercle bacilli by Haitinger & 
Schwertner (1939)* Hagemann (1939) claims that the auramin staining of tubercle 
bacilh provides by far the most effective diagnostic method. He considers the 
fluorescence microscopic reproduction of the virus elementary bodies to be not 
rral i^ges but due to deflexion phenomena. By treatment for 15 sec. with aqueous 
solutions of phenol and primuHn virus up to 100 m/i can be observed as blue white 
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fluorescent spots. As this staining is destroyed by irradiation it is preferable to use 
resorcin-thioflavin which produces a yellow brown fluorescence of the elementary 
bodies of smallpox, ectromelia and moUuscum contagiosum. Magnifications up to 
4000 X can be used. 

Jaeger & Jaeger (1939) make use of the fluorescence microscope for the examina> 
tion of the surface of the human skin previously stained with primulin or auramin. 
Hirt (1939 c) has given a survey of the use of fluorescence microscopy in medical 
research, and has (Hirt 1939^ introduced his “special acriflavin” for the fluor- 
escence microscopic reproduction of unmyelinited nerves, showing a red fluor- 
escence which becomes brown yellow by irradiation. This staining is attributed to 
the fixation of the dye to riboflavin. Myelinited fibres re main unstained, the 
axis cylinders fluoresce weakly green, the myelin sheath light yellow. Cerebrum 
and cerebellum fluoresce green from free riboflavin. This fluorescence is increased 
after addition of riboflavin to the food. 

A survey of the use of fluorescence microscopy in botanical research has been 
given by Strugger (1939 a) who has also continued his studies (1939 by 1940) on the 
adsorption, storage, and circulation of fluorescent dyestuffs in the plant. He has 
examined the behaviour of berberin sulphate, eosm, sulphorhodamin G and oxypyren- 
trisulphonic acid in the plant. The latter like berberin was found to be diphasic, 
the yellow fluorescent coarsely dispersed and the blue fluorescent finely dispersed 
particles moving in different channels in the plant, as was the case with rhodamine 
BS in the experiments on animals of ElHnger & Lambrechts (1937 c). v. Loui (1930) 
has used the fluorescence microscopy for a study of the individuality of the plastides 
and Johannes (1939) has examined the staining of the mycelium of fungi with 
berberin and fluorescein. From this staining the isoelectric point of the plasma and 
of the central body of the nucleus has been estimated. 
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I. INTRODUCTION 

It is hardly necessary at this time to state that the familiar rather rapid colour 
changes which are undergone by various cold-blooded animals are not due to changes 
in the amount of pigment present Even the most striking of such changes result 
from shifts in the position of pigment particles which do not vary in amount from 
moment to moment. It is pretty generally agreed, furthermore, that this rear- 
rangement of pigment matter takes place within the limits of cells which maintain 
nearly constant outlines. Amoeboid movements of the chromatophores are believed 
to play a minor role, if any, at least in adult animals. 

It has for some time been recognized, however, that there are other, more 
enduring changes of colour or shade which are due to actual changes (increase or 
decrease) in the amount of pigment in the tissues of the organism. These have been 
designated as “morphological” colour changes, in contradistinction to the former 
or “physiological” type of changes. It is dear that these terms are not very ap- 
propriate, inasmuch as both of these processes are equally It seems 

hardly practicable to dispense with them altogether, however, owing to the lack of 
a suitable pair of antonyms. I have, nevertheless, wherever possible, substituted 
“transitory” for “physiological” and “quantitative” for “morphological”. It is 
interesting that a vast majority of the published papers in the held of colour change 

^ CoottibutioDS from the Scripps lostitutum of Oceanography, New Series, No. 98. Asaktance 
is acknowledged from WJPJk, Project 665-93-3-141, 
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have dealt with these immediate transitory or “physiological” responses of the 
chromatophores. Indeed, Fuchs, in his monumental review of colour change in 
animals (1914), appears to question the existence of quantitative (“morphological”) 
colour change in response to optical stimuli, and von Buddenbrock, as late as 1928, 
was aware of no convincing endence for fehes. 

The present review will be concerned with quantitative changes only, except 
in so far as transitory changes are believed to be causally related to these. Under 
“quantitative” changes are here included any changes in the amount of pigment 
whether or not these have been submitted to actual measurement. This review will 
further be restricted to such pigmental changes as result from visual stimuli, or 
the withdra\\’al of these. The effects upon pigmentation of various other physical 
and chemical stimuli and of food cannot be considered here. Nor can the numerous 
and important studies of invertebrate animals be included. 

For the purposes of the present dfecussion, the visual (optic) environment 
must be divided into (i) incident light and (2) the background. Such a division 
may seem to be an altogether artificial one, since most organisms can hardly be 
supposed to recognize the distinction between the source of light and the light 
wWch is reflected from surrounding objects and the substratum. However, the 
difference is of vital importance. Poikilochromic^ animals respond in a high degree 
to differences in the slmde or colour of the background, much less to differences in 
the intensity of the incident light. This is not at all mysterious when we recognize 
that the distinction here drawn is altogether a topographic one. The “background” 
comprises that part of the visual field which lies below a certain level, while “inci- 
dent light” comprises that part which lies above that level. The contrasted effects 
of these two portions of the visual field depend, as will be pointed out below, upon 
functional differences in the upper and lower halves of the retina. 

So far as shade (paleness or darkness) is concerned, the response of an animal 
to its background is a response to the latter’s albedo. By albedo is here meant the 
proportion of incident light which is reflected or dispersed from a given surface. 
It is what makes the difference, for example, between white and a neutral grey. 
Thus the pigmentary response, whether “physiological” or “morphological”, is 
largely independent of the absolute degree of illumination. It is not, however, 
wholly independent of this. 

In the two preceding paragraphs it w*as assumed that we were dealing with 
white light. Illumination by limited portions of the spectnmi have, however, been 
employed by a number of investigators, and have been foimd to exert specific 
effects upon the chromatophores of some organisms, and even upon pigment 
formation. In these cases, the quality of the incident light has been effective, quite 
independently of the backgroimd. 

Numerous other experiments have been performed which deal with special 
modiffcations of the visual field: inverted illumination, total darkness, blinding, etc. 

Investigations of chromatophore responses have had to do chiefly wi& the 

^ This torm, 'nhich I have olieady employed (1935), seems a l^fitimate analogue of such 
aa poikilothennic. 
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black cells (melanophores); to a far less extent with the white cells (guanophores) or 
the coloured cells (lipophores). This is because the melanophores are far more 
conspicuous than the other types of chromatophores, and are far more resistant to 
fixing and clearing reagents. Some important observations have, however, been 
made upon both guanophores (iridocytes) and lipophores. Quantitative determina- 
tions, in the case of melanophores, have consisted in either counting the actual 
number of these cells in a selected area of the skirij or in assaying the amount of 
melanin in the body as a whole. Both of these procedures have likewise been 
employed in the case of lipophores (at least of xanthopores). So far as I know, no 
precise determinations have been reported for guanophores. 

Some of the phenomena here conadered raise questions of great interest in the 
field of theoretical biology. Considerable portions of this review must accordingly 
be devoted to the discussion of such questions. 

II. EFFECTS OF BACKGROUND UPON THE FORMATION 
OR LOSS OF PIGMENT 

(i) Melanin 

So far as I know, Flemming (1882, cited in 1897) was the first to point out that 
the shade of the background might be influential in modifying the quantity of 
pigment in an animal. The experiment to which Flemming refers was concerned with 
the effect of a white backgroimd upon the pigment of salamander larvae. He does 
not seem to be altogether certain, however, as to the nature of the effective stimulus. 

Sec^rov (1909) exposed the loach, Nemachedus barbatuhsy to various back- 
groimds, coloured and uncoloured, apparently with pronounced results upon the 
quantity of visible pigment. Some of this writer’s claims are incredible, however 
(see below), a circumstance which must be borne in mind in evaluating his work. 
Sec6rov seems to have been the first to employ the terms “physiological” and 
“morphological” colour change, and was perhaps the first to recognize the distinc- 
tion between the classes of phenomena thus designated. 

Franz (1910), experimenting upon young plaice, noted that these acquired 
chromatophores when they left off swimming and took up life upon the bottom. 
He gave reasons for believing that this was due to stimuli from the bottom, and not 
merely to an advance in the stage of development. Franz’s interpretation of these 
facts is, however, quite untenable. 

Bab^ (1910, 19x2, 1913) made the first substantial contribution to our know- 
ledge of the quantitative effects of visual stimuli upon pigmentation in vertebrates, 
and the mechanism by which th^ effects are produced. This investigator ex- 
perimented with Amblystoma larvae, of which normal individuals were reared upon 
white and black backgrounds, blinded ones in the light and in darkness. Some of 
these were kept nearly six months, the number of chromatophores in several 
regions of the body being counted at intervals. He reports that at the end of this 
period an individual on black had nearly twice as many chromatophores as one on 
white. Theincreaseinnumberperweekwasfortyforthe “black” animal, eleven for 
the “white” one. In this case, therefore, there was no absolute decrease in the 
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“white” specimen, but only a marked retardation in the rate of increase. Else- 
where he reports an actual reduction in the number of chromatophores previously 
present. Babdk also points out that aside from these changes in number there may 
be a marked increase or decrease in the melanin content of the individual cells. 

“There is thus no doubt”, asserts Bab^ "that the nervous system, 

under the influence of the light relations of the environment, controls not only the 
movements and the mass of the pigment in the chromatophores, but also influences 
the division or multiplication of the chromatophores” (trans.). 

Kimtz (1917) contributed a valuable paper on “The histological basis of 
adaptive shades and colours in the flounder, ParaUchthys aUngutius” . He reports a 
reduction of approximately 30% in the number of melanophores in the superficial 
layer of the dermis when specimens which had been kept for some time on a white 
background were compared with freshly caught specimens or ones horn a black 
background. This reduction w'as not so great on a yellow backgroimd as upon a 
white one. It was apparently due to the ejection of melanophores through the skin, 
a process which takes place normally, though more slowly, in all fishes, regardless 
of background. A graph which Kuntz presents shows both a decrease in fishes 
transferred to white backgrounds and an increase when specimens were returned to 
black. The maximum effect, he found, was attained in 11 days. 

The massive contributions of Murisier (1920-1) must be given prominence in 
any discussion of our present topic. This investigator, working on young trout, 
found that white and black backgrounds strongly influenced the quantity of melanin 
produced, without appreciably influencing the growth of the fish. For one experi- 
ment, he reports that the mean number of melanophores coimted in the dorsal fins 
of the white-adapted fishes was 295, that for the black-adapted fishes being 680, and 
for ones kept in total darkness, 330. Corresponding figures for the anal fins were 
4, 67 and 5. Murisier believed, however, that whereas sojourn on black leads to a 
great increase in the number of melanophores, sojourn on white merely causes a 
retardation of the further production of these cells, not a loss of those previously 
present. This last conclusion is not in agreement with the findings of most others 
who have performed similar experiments upon fishes. 

The work of Kudd (1922) is sometimes seriously cited in discussions of quanti- 
tative p^ment changes in fishes. His report as a whole is so unconvincing, however, 
and his claims so incredible, that 1 caimot attribute any importance to them. His 
thesis is that the darkening of a fish, however called forth and apparmtly of however 
brief duration, results from an actual increase in the amount of melanin, present. 
Even “Totungdurch Schl 9 ge auf den Kopf ” produces an increase in this substance. 
Pictures of test-tubes containing various amounts of dark precipitates are ofliered as 
evidence for these eflfects.^ 

Hewer (1927, 1931), working upon English flatfishes, found that an increase in 
epidermal melanophores occurred as a result of exposing his fish^ for two or three 

^ In a previous paper ( 1939 ^)* 1 xofeiied to these pictures as not being photogrqihB. 1 had 
overlooked a statement in the teat: “Die Abbildungen wind djrelrty . Aufiiahmen auf Entnicklunga- 
papier, ohne Nogativ.** Regardless of the process of reproduction of these figures, however, we may 
doubt whether they ate likely to be convincing to anyone who undertaken the assay of tnulnnin- 
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weeks to a black background. The numbers both of erythrophores and iridiophores 
(guanophores) were likewise found to be influenced by the backgroimd, the former 
undergoing an increase on oran^ and a decrease on white ; the latter undergoing 
an increase on white. Hewer expressed the belief that changes produced in this way 
through the influence of optic stimuli have a possible evolutionary significance, 
so that “factors in the environment producing temporary adjustments also produce 
more permanent effects of a strictly structural character” (1931). 

Vilter (1931 fl) reports an experiment in which he endeavoured to assay the 
melanin content of two axolotls which had been kept on black and white background 
for a period of 17 months. The method of Piettre (1911) was employed. This 
consists in grinding up the tissues in a mortar, mixing fliem with large quantities of 
water, allov/ing the debris to settle, decanting, and then centrifuging the overlying 
liquid, after this has been kept 24 hr. at a low temperature. Vilter states that four 
times as much melanin was extracted from the black specimen as from the pale one, 
and offers a photograph showing the two lots of material. Although this method 
would seem to be far from precisely quantitative, the difference in the yield of the 
two individuals appears to be sufficiently marked. It is unfortunate, however, that 
Vilter did not employ larger numbers of specimens in this important experi- 
ment. 

For some years, the present writer and several collaborators have been experi- 
menting upon the effects of visual stimuli on the production or loss of pigment in 
certain fishes. It must be explained that our procedures have been changed from 
time to time, in the course of these experiments, as likewise our mode* of presenting 
the same data to the reader. For this reason, inconsistencies (more apparent than 
real) would be evident to a reader who should carefully compare the various reports 
of this work. 

In Lebistes (Sumner & Wells, 1933) a rather rapid loss of melanin was found to 
occur, when fishes of “black” history were transferred to a white background. 
After a few days, it required but bwinr^nification to reveal thepresence of numerous 
degenerating meknophores in the surface of the skin, while in sections, large 
rounded masses of melanin were seen to be passing to the exterior through the 
epidermis. This bleaching process lasted for some weeks. Returning such bleached 
£^es to black containers resulted, in a few days, in the appearance of numerous 
small pigment masses in the dermis, which increased in number and size for some 
weeks. These changes were not confined to the skin, however, for wide differences 
were found in .the peritoneum and other regions between individuals of black and 
white history, as had already been noted by Murisier (1920-1) for the trout and 
Vilter (193 1 i) for the axolotl. (Vilter reports that the Uvers of black axolotis contain 
“enormous” quantities of melanin.) 

Even the most prolonged exposure to a gjven background failed to render the 
resulting state of ffie chromatophores permanent. Fishes reared from birth in 
black or white containers, even when the light was continued night and day, and 
throughout their entire lives, responded faiiiy promptly to a reversal of their back- 
grounds, though not so promptly as ones which had been kept for only a month 
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upon a given background, after attainment of maturity. This was true, indeed, of 
some which represented a third generation reared under the conditions stated. These 
last experiments relate to transitory colour changes, but the same statements would 
doubtless apply to quantitative ones as wdll. 

Odiome (1933, 1936) experimented extensively in this field at about the same 
time that our La Jolla experiments were conducted. He employed fishes of a 
number of species, chiefly members of the genus Funduks. Like several of his 
predecessors, Odiome determined, in some cases, the extent of background influence 
in terms of the density of chromatophore distribution per unit area of skin. It is of 
interest that while a loss of melanin upon white backgrounds was everywhere 
manifest (nearly 60% in 10 weeks, in one case), the occurrence of an increase upon 
black was far less evident. This, it will be recalled, is the reverse of what Murisier 
found in the case of the trout. There would seem to be nothing inconsistent, 
however, in the results of these two investigators. The occurrence of a loss or a gain 
in pigmentation, and the extent of this, might be expected to depend largely upon 
the background from which a given fish was taken. With some fishes, at least, it is 
certainly easy to increase the number of chromatophores in a specimen which has 
previously been white-adapted, and to decrease the number in one which has been 
dark-adapted. Odiome, like some others, notes the occurrence (in Macropodus) of 
internal diflerences in melanophore abundance between dark-adapted and light- 
adapted specimens. 

Thus far, no endeavour seems to have been made to establish any exact quantita- 
tive relations between ^^8ual stimuli and the ensuing pigmental modifications. 
Experiments with this in view were commenced in our laboratory, in November 
1935. Results thus far obtained have been reported in several papers (Sumner & 
Doudoroff, 1937, 1938a, 19386; Sumner, 1939a, 19396, 1940). 

In the first series of such experiments, gobies {GiUichihys rntrabiUs) were 
employed. These were kept in glass aquaria, painted on the outside with black, 
white and two shades of grey. Sets of aquaria, thus painted, were exposed to two 
widely different illuminations, these last being approximately in the ratio of 
40 ; I. 

After the fishes had been submitted to these conditions for nearly three months, 
an assay of the melanin was undertaken. This consisted essentially of colorimetric 
determinations of the dark material left in solution after removal of fats, proteins 
and bone. 

These measurements indicate clearly the existence of a graded series of melanin 
values, corresponding to the series of shades used as backgrounds (white, pale grey, 
dark grey, black). Moreover, when these values were plotted against the measured 
albedos of the background, they assumed a logarithmic rather than a lirn^r 
arrangement.^ The rule which we proposed provisionally was that the quantity of 
melanin produced or lost varied inversely as the bgarithm of the albedo of the back- 
ground. On the other hand, it was found that the intensity of the illumination 
played but a minor part in bringing about pigmental changes, although the more 
' This was less true of the figures ibr the more dimly lifted of the two series. 
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brightly lighted fishes produced slightly more melanin, except in the case of the 
white (see below). 

Similar experiments were later undertaken with Gambusia (Sumner & 
Doudoroff, 1938a). These deserve merely passii^ notice, owing to considerable 
and quite unaccountable variations in the yield of melanin from lots of fishes of 
presumably identical history. It is, however, worth noting that the graphs for the 
background experiment showed a similar trend to that which was encountered in 
our gobies, i.e. a more nearly logarithmic than linear arrangement of the values. 
On the other hand, no significant differences were detected as a result of the widely 
different illuminations employed. 

Measurements of melanin were discontinued at this time, and a new technique 
substituted, namely, the counting of melanophores in given unit areas of the skin. 
For this piupose, the “guppy” (Lebistes retictdatm) was used. The first of these 
experiments related to the effects of badcgrounds. Five of these were employed: 
white, three shades of grey, and black. Small aquaria of dear glass were used, 
painted the required shades on the outside. These aquaria were kept in a cabinet 
divided into four compartments, each lighted by a 100 W. lamp. Readings both of 
inddent light and of reflexion from the bottoms of the aquaria were made with 
photo-dectric equipment. 

About thirty-five female guppies were kept in each of these aquaria for a period 
of about two months. In this, as in all our experiments, the fishes were well fed 
throughout the period. In the end, they were subjected to adrenalin, in order toi 
bring about the concentrated state of the melanin, necessary for counting the 
melanophores. After this, they were fixed, and deared in cedar oil. A slice was 
removed from the premaxillary region, and the number of melanophores in a given 
area of definite position was counted with the aid of a Whipple eyepiece micrometer 
disk. 

Fig. I represents the frequency distributions for the various melanin values of 
fifty specimens of each of the five lots of fishes comprised in this experiment. It is 
probable that the great variability within each of these lots is due largdy to genetic 
differences in a highly mixed stock of Lebistes. The mean differences in melanophore 
number between these various lots, although considerable, are not so great as 
might have been expected in view of the widdy different appearance of these 
fishes in life. The mean number found in the “black” fishes, for example, is less 
than three times as great as that for the “white” ones. It is evident that a large part 
of the visible difference of shade among these fish^ is due to factors other than the 
number of melanophores. Some of it is due to the melanin content of the individual 
melanophores; much of it, of course, to the state of aggregation or dispersion of the 
melanin. Fig. 2 is based upon the mean values of the five series represented in Fig. i . 
It shows the relations between the number of mdanophores per unit area and the 
albedo of the background on which the fishes were kept. The albedos have been 
reduced to percentages of the albedo of the white background, taken as 100. The 

1 Owing to muinfbnnaticm, 1 referred to this same species earlier (Sumner, 1935) as Gandnma 
ptOnuBs, 
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Kammerer (1913), after an extended series of experiments, reported not only 
that young salamanders {Salamandra maculosa) responded by qiiantitative pigmental 
changes to different backgrounds (black and yellow) but that these changes were 
ultimately inherited. Even the former of these contentions was disputed by Herbst 
(1919, 1924), who repeated Kammerer’s experiments upon the same species. 
HerW reared his specimens from birth to an age of several years. He found that 
during the larval stages the yellow spots increased in relative size in animals kept 
upon yellow backgrounds and decreased in those kept upon black ones. After 
metamorphosis, however, the reverse tendency was manifest, leading to a con- 



Fig. 2. Relations between albedo and melanophore density, based upon the same indivjduals as 
Fig. I. Abscissas = albedos of the five backgrounds, taken as per cen t a ges of that for white , 
regarded as too. Ordinates = mean values for the five lots of fishes, reduced to multiples of the 
mean value for the "white*’ fishes. 

vergence of the two lots in respect to their colour characters. Since Kammerer 
started his experiments with post-larval individuals, Herbst believed that he had 
refuted Kammereris claims . On the other hand, these claims of Kammerer, as 
regards the first generation, were confirmed by von Frisch (1920), who concluded 
that the difference between ICammereris results and those of Herbst were the results 
of differing experimental conditions. 

Mast’ (1916), referring to his experiments in which flatfishes were raised on 
coloured backgrounds, states that ‘*on the reds, greens, and blues adaptive changes 
still appear to continue after a sojourn on them of between two and three months”. 
Although Mast does not suggest that any quantitative changes in pigmentation 
occurred on such occasions, the duration of these changes readers it probable that 
this was the case. 




360 Francis B. Sumner 

The experiments of Hewer (1927, 1931) niay be recalled (see above), since they 
involve coloured pigmentation as well as black. No determinations appear to have 
been made by any of these writers, however, either of the number of chromato- 
phores or the quantity of pigment. 

The studies of Sumner & Fox (1933, i93Sfl» ^ 935 ^) relate to quantitative 
changes in yellow pigment of the xanthophyll series. Fishes of several species 
(Fundulus pari'ipinniSi Gillichthys mirabiUsj Girella nigricans) were employed in 
these studies, the xanthophyll being extracted with customary solvents and the 
resulting solutions assayed colorimetrically. While all th^e fishes were found to 
respond in an imitative fashion to yellow backgrounds, as well as to black, grey and 
white ones, it is of interest that out of the three, Girella alone manifested any 
differences in the actual amount of yellow which it yielded. It is interesting, too, 
that the amount of xanthophyll present (though not the visible appearance of the 
fish) appeared to depend upon the shade (whether light or dark), rather than upon 
the colour (spectral value) of the background. Thus, the greatest amount of xantho- 
phyll was extracted from the almost inky black fishes which had been kept on black, 
the least from fishes kept on white, while intermediate and nearly equal amounts 
were yielded by spedmens kept on a rather rich yellow and upon a neutral grey of 
medium shade. It should be added that Girella^ in all circumstances (though not 
Fundulus)y was found to lose xanthophyll under laboratory conditions. The relations 
stated above indicate, therefore, relative rates of loss. 

Incidental, only roughly quantitative, determinations were made of the xantho- 
phyll content of the fishes in certain later experiments (Sumner, 1940). Striking 
differences were noted in the colour of the 95% alcohol to which ^e fishes were 
subjected at one stage of their preparation. In the first of these experiments, 
in which five backgrounds were used (black, three greys and white), it was 
obvious that the alcohol from the “ black’’ fishes was by far the most highly coloured 
(yellow) of any of this series, while that from the “dark grey” ones rated second. 
The three other lots did not differ appreciably in this respect. 

In the second experiment, in which only two types of background (black and 
medium grey) were employed, the extracts from the “black” fishes were more 
deeply coloured than those from the “grey” ones at all four intensities of overhead 
illumination, the latter factor having little or no influence in the matter. In com- 
parisons made with Nessler tubes, it was found necessary to dilute the xanthophyll 
solution from “black” fishes to 25% of its original strength in order that it should 
approximately balance that from the “grey” fishes. 

In our studies of carotenoid pigments, no attempt was made to count xantho- 
phores, nor were any microscopic studies made. Abramowitz (1935), however, 
examined and counted xanthophores in the caudal fin of Fundukts nugaUs, before 
and after keeping the fishes on black, white, yellow and blue badrgrounds. After 
periods ranging from 12 days to 6 weeks, increases were noted on yellow and 
black, decreases on blue and white. 
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III. INTENSITY OF ILLUMINATION 

Investigators early discovered that the responses of poikilochromic animals to 
their backgrounds were, within wide limits, independent of the intensity of the 
incident light. That this is not absolutely true, however, has been likewise recog- 
nized. Brown (1936) has recently shown that at certain very lovr light intensities, 
in fishes kept upon identical backgrounds, “the average diameter of pigment 
masses is directly proportional to the logarithm of the light intensity”. Brown was 
not concerned here with the quantity of melanin present but with the relative 
degree of expansion or contraction of the pigment masses within the melanophores. 

In discussing the goby experiments of Sumner & Doudoroff (1937), I have 
already pointed out that the more brightly lighted fishes produced on lie whole 
slightly more melanin than the less brightly lighted ones. This was not true, 
however, of the fishes in white aquaria, in which the amounts were nearly equal, 
and indeed the relation did not seem to be clearly established in any case. In the 
much less satiafactory Gambusia experiment (Sumner & Doudoroff, 1938 a), any 
such difference was even less probable. 

It seemed highly desirable to test more precisely the part which was played, if 
any, by light intensity in influencing the production or elimination of melanophores. 
T^ was undertaken in one of the experiments "with Lebistes (Sumner, 1940). The 
degrees of illumination received by the aquaria, in the four compartments of the 
cabinet here employed, were approximately 64, 5-3, 0-85 and 0*24 foot-candles 
respectively. Special steps were taken to keep the temperature in these compart- 
ments approximately equal. 

Although the primary object of this experiment was to test the possible effects 
of light intensity, aquaria of two shades (black and medium grey) were used with 
each degree of illumination. 

When the mean values for fishes from these four compartments were computed, 
a steady, though slight increase in pign^ntation was shown in passing from the 
lower to the higher illuminations. However, there is little consistency in this respect 
when the figures for the two backgrounds are considered separately. Moreover, the 
single differences are of little statistical Kgnificance. Nevertheless, the differences 
are in the same direction as those shown in the earlier experiment by Sumner & 
Doudoroff (see above). The absence of any obvious effect of light intensity upon 
xanthophyU formation in this experiment has already been pointed out. 

As the limiting case in our discussion of light intensity, we may consider the 
effect of total darkness upon pigmentation. It is noteworthy that fishes and Amphi- 
bia, whether normal or blinded, have usually been foimd to become pale when kept 
m the dark, and in a few of these cases the amoimt of pigment b said to have been 
involved (Ogneff, 1908; Bab 4 k, 1913; Murisier, 1920-1; Odiome, 1937). Murkier 
found that the number of melanophores, per unit area of the skin, in young trout 
which were kept in the dark, was little greater than in specimens which had been 
kept upon a white background in the light, though the melanophores were less than 
half as numerous as in specimens k^t upon a dark background. Odiome reports 
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similar, though less marked, changes in Fundulus. This somewhat surprising effect 
of darkness upon the chromatophores has been offered as a possible explanation of 
the depigmentation of cave animals (Ogneff, 1908).^ 

IV. BLINDING 

Although the pigmental conditions of blinded fishes can hardly be attributed to 
optic stimii^, they may be fairly credited to the withdrawal of these stimuli, or at 
least to the withdrawal of implies proceeding from the retina. But whereas total 
darkness results, as we have seen, in a process of depigmentation, blinding, in the 
presence of light, results in a marked increase of pigmentation. 

Mayerhofer (1909) reported a great increase in the pigmentation of blinded 
pike (Esox) when kept in the light. The lateral dark bands extended themselves 
downward until large areas of the normally white ventral area were covered with 
melanophores. This effect did not ensue when the fishes were kept in the dark. 
Similar results were reported by Sec^v (1909) for Nemackeihts. 

Von Frisch (1911) recorded a much less convincing case for the trout. After 
determining the interesting fact that the removal of one eye in this fish caused a 
functional darkening of the opposite side of the body, he attempted to determine 
the relative density of the chromatophores on the dark and pale sides. He counted 
a slightly greater number of these oelte per unit area for the darker side, but this 
difference was not statistically significant. Babik (1913) reports a great increase in 
visible pigment in blinded Amblystomat kept in the light. This depended in part 
upon an increase in the number of chromatophores, following an enormous exten- 
sion of their contained pigment masses. Fischel (1920) obtained similar results, 
likewise with Amblystoma. He called attention to the formation of an immense 
syncytium of melanophores, ravering the entire body, except for the yellow spots. 
This increase in the black pigmentation tended to some internal parts. Murisier 
(1920-1) found that blinded trout became even more heavily pigmented than 
normal filshes kept upon a black background. Similar results have been reported by 
Giersberg (1934) for the goldfish and by Odiome (1937) for Ameivrus. I myself 
have obtained confirmatory results in e:q)eriment8 upon Lebistes retiadatus (un- 
published), though no counts or measurements were attempted in this case. I also 
found, in agreement with Fischel, that some of the blinded specimens grew to an 
exceptionally large size. 

Since numerous writers have pointed out that blinded fishes soon become dark 
when well lighted, we should expect them to acquire heavier pigmentation, in 
accordance with the accepted principle (see below) that transitory colour changes, 
if prolonged, lead to quantitative ones. 

V. DIRECT ILLUMINATION WITH COLOURED LIGHT 

Various investigators have studied the effecte of coloured (more or less mono- 
chromatic) li|^t upon fishes. Secdrov (1909) performed such e3q>eriments, but his 
results are open to doubt for reasons stated above. Moreover, von Frisch (1911) 

^ It is u nccr taiii to tvfaat ertent OgneflF attributed tbw effect to pgy nnH to what 

extent to dnnfniahed food 
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failed to confirm some of his fibdings. The results reported by the latter writer, 
however interesting, relate only to transitory changes and call for no discussion 
here. 

The experiments of Kurz (1920) are more relevant. He exposed the eggs and 
larvae of Pleuronectes and Esox to white light, total darkness, and to light of five 
different colours. No effects were observed in the case of the pike, after three 
months’ exposure to these conditions. For the flounders, on the other hand, Kurz 
reported certain effects upon the further development of pigment cells once 
produced, though not upon their origin. White and short-waved light, he states, 
further the development both of black and coloured pigments; red, yellow and 
green retard the development of both. Complete darkness strongly retards the 
development of black and completely suppresses the development of coloured 
pigments. 

VI. ILLUMINATION FROM BELOW 

The well-known experiments of Cunningham upon flatfishes should be men- 
tioned among the possible effects of optic stimuli, although it appears to have been 
believed by that author that the increase in pigmentation which he observed was 
due to the direct action of light upon the skin (Cunningham, 1893, 1895 > Cunning- 
ham & MacMunn, 1893). Cunningham placed young fiiatfishes in ^bss-bottomed 
aquaria, illuminated from below by mirrors. At the end of many months, some of 
these specimens developed extensive pigmented areas, containing both black and 
yellow chromatophores, upon the lower, normally uncoloured side of the body. 
These abnormally situated chromatophores were said to undergo colour changes 
like those which may be called forth on the normal upper side of the body. 

It is imcertain, however, that this unusual devebpment of pigmentation was due 
to the direct action of light upon the skin. The not very precise account of the 
actual visual fields of these fishes leaves it possible to suspect that the effects were 
due to the optical conditions of the experiment, as has been suggested by Odiome 
(1937). The actual nature of the field of vision of an animal, when placed some 
distance above a mirror, is not very obvious. On first thought, one might assume 
that the lower portion of this field was a uniform, well-lighted area, optically 
equivalent to an mdmded vhite surface; but a little observation shows that this 
cannot ordinarily be the case. So fv as 1 have observed, too, a fish’s immediate 
reaction, when suspended over a mirror, is very different from its reaction when 
placed in a white-bottomed dish. In the former case, from becoming pale, the 
animal becomes dark or fairly so. This would suggest that the effects of any parti- 
cular type of illumination upon “physiological” colour change should be carefully 
ascertained before we attempt to interpret its effects uppn pigment production.^ 

The experiments of Herbst & Ascher (1927) were of a similar nature to Cun- 
ningham’s and are, 1 believe, subject to the same comment. These authors placed 
larvae of Sedamandra maculosa in small, glass-bottomed aquaria, which were 
covered on the sides and above with o|«que materials. Mirrors reflected light from 


^ Se9, hovraver. Addendum. 
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below. The salamanders were kept for from 4 to 7 years ( 1 ) under these conditions, 
controls being kept in black-bottomed containers, lighted from above. While the 
relative extent of the spotted areas underwent little change, there was a marked 
increase in the intensity of pigmentation on the animals* ventral surfaces. Not only 
melanin, but the lipochrome (carotenoid) pigment and guanin were all foimd to 
have increased. These writers appear to assume that the effects in question were due 
to the direct action of light upon the chromatophores, and this, of course, may be 
the correct interpretation, though it is by no means certain. 

VII. SOME IMPLICATIONS OF THE RESPONSE TO BACKGROUND 

Evidence has been offered for the conclusion that in fishes kept for considerable 
periods on various backgrounds, the amount of me lanin (or the number of melano- 
phores) varies inversely as the logarithm of the albedo of these backgrounds. This 
conclusion is of considerable theoretical interest. The analogy has been pointed out 
(Sumner & Doudoroff, 1937; Sumner, 1939a, 19396) between these pigmental 
relations of fishes and those phenomena of human sense perception upon which the 
“Weber-Fechner Law” was based. Even the downward displacement of the 
melanin value for the “black” fishes (Fig. 3), as compared with its “expected” 
value, might be regarded as giving additional support to this analogy. As is well 
known, the Weber-Fechner rule, so far as it relates to visual stimuli, breaks 
down in the realm of feeble intensities, greater relative increments of stimulus 
being required in order to bring about perceptible increments of sensation. 
Whether this deficient (even if actually very high) production of melanin upon a 
background of very low albedo can be regarded as comparable with the human case 
is, of course, far from certain. But the coincidence is at least suggestive. 

Considerable evidence has also been presented which shows that shade of back- 
ground is a much more potent factor than intensity of illumination in determining 
the pigmentary response of the animal. From the viewpoint of a fish or amphibian, 
as has already been remarked, the difference between incident light and background 
is a purely topographic one, the upper portions of the visual field rating as “incident 
light**, the lower portions as “background**. The albedo of a background, as 
defined earlier, is the ratio between the light which it receives and the light which 
it reflects. Response to albedo, therefore, would seem to be determined by the 
relative degrees of illumination of the upper and lower portions of the retina. This 
“ratio” theory of an animal’s response to the shade of the background, and the 
correlative assumption of a differentiation of functions in different parts of the retina, 
have received increasing attention in rec^t years. Although previous discussions 
have related wholly to colour changes of the transitory type, we may be certain that 
the phenomena in question extend to quantitative changes as well. 

In reviewing briefly some of the investigations which bear upon the relations 
indicated, we may distinguish discussions of (i) the “ratio theory”, and (2) the 
functional differentiation of the retina, although it is evident that these two con- 
options are closely interconnected. The former appears to have first been clearly 
stated by Keeble & Gkunble (1904) for certain crustaceans. The same formulation 
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was independently made by myself (1911) as a result of experiments upon flatfishes, 
though no specific test of the theory was then undertaken. Mast (1916) undertook 
such an experimental test, likewise with flatfishes. His results were partially 
confirmatory, though in some respects inconclusive. What seemed to be a critical 
demonstration of the proposition was made by Sumner & Keys (1929) by the use of 
an apparatus which made it possible to brighten or darken the background, to some 
extent independently of the overhead illumination. These findings were confirmed 
for young catfish by Pearson (1930), by the use of similar methods, though Pearson 



Fig. 3. Same valtiea for melanophorea as in Fig. a, plotted against the logarithma of the albedos. 

has insisted upon the limit ed range withinwhich the rule holds. Brown (1936)* using 
more exact quantitative methods, corroborated the “ratio theory” for the fish 
Eruymba buccata^ except for very low light intensities. Butcher (1939) has carried 
out an intensive series of experiments with Fundulus (presumably F, heterocUius)^ 
in which varying relations were maintained between the light inteisities above and 
below the fish. Butcher concludes that “The shade assumed by FunduU, therefore, 
depends upon the ratio between the direct and the reflected light entering the eye”. 
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Conclusions relative to a functional differentiation of different portions of the 
retina have been reached by a number of miters, not all of whom have been con- 
cerned with the “ratio” theory of response to background. Suggestions to this 
effect have been made by Sclmurmann (1920), Meyer (1931), Hogben & Slome 
(1936), and Vilter (1938). 

Von Frisch (1911), Parker & Lanchner (1922), Sumner (1933), Butcher & 
Adelmann (1937) and Butcher (1938) have employed the method of screening the 
whole or portions of the eye with opaque materials. Sumner, Butcher and Adelmann 
agree that stimulation of the upper and lower halves of the retina have opposite 
effects. Other factors remaining constant, the illumination of the upper half 
leads to a paling of the fish, while illumination of the lower half leads to a darkening. 
Conversely, darkening the upper half of the retina leads to a darkening of the fish, 
while darkening of the lower half leads to a paling. Von Frisch (191 1) had observed 
the darkening effect of covering the lower half of the cornea for brief periods 
(i.e. shading the upper half of the retina), but he believed that covering the upper 
half of the cornea led to no result. 

Several writers have performed the experiment of rotating the eye of a fish in 
its socket through 180°, thus reversing the normal relations of the retina to the 
visual field. Sumner (1933) obtained no instructive results from this procedure, 
owing to the serious (iiltimately fatal) effect of the operation upon the fishes. 
Butcher & Adelman (1937) and Butcher (1938) report success in a number of cases, 
with results which conform to expectations based upon the results of their other 
experiments. Butcher accepts the “ratio” theory with some modifications. Vilter 
(1937, 1938) reports success in rotating the eyes of the axolotl. There ensues, he 
says, an inversion of the dorso-ventral differentiation of the skin pigmentation, the 
ventral surface darkening and the dorsal surface paling. Vilter states, however, 
that such an “inverted” specimen darkens upon a dark bottom, as well as a normal 
specimen. He offers an explanation based on the respective roles which he attributes 
to nervous and the hormonal control of the chromatophores. 

It may be well to repeat that none of these experiments relative to functional 
differentiations of the retina have had in view the production of quantitative 
pigmental changes. 


VIII. THE RELATION BETWEEN “PHYSIOLOGICAL” AND 
“MORPHOLOGICAL” COLOUR CHANGES 

Although we are not concerned here with invertebrates, it is worth noting that 
Eeeble & Gamble (1904) recognized the activity of the crustacean chromatophores 
in “manufacturii:^ and storing or transforming pigmentary substances”, through 
the mediation of the ey^ and nervous system. 

Bab&k noted many years ago (1910, 1912, 1913) that prolonged “expansion” or 
“contraction” of chromatophores led to quantitative changes in these. With 
respect to this fact, he ofifei^ the following explanation (irons.): “We can com- 
preh^d all th^ phenomena consist^tly if we suppose that the continued expan- 
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sion of the chromatophores [however brought about] so alters the nutritive condi- 
tion of the pigment cells that not only an increase of pigment will be brought about 
in the latter, but also favourable conditions for rapid division, i.e. for chromatophore 
multiplication, will be produced. On the contrary, the continued contraction of the 
chromatophores [however brought about] is bound up not only with weaker pigment 
formation, or even pigment reduction, but also with the checking of the nutritive 
processes leading to the division of the pigment cells.” Babik points out the 
ecological significance of this identity between conditions which call forth “expan- 
sion” of the chromatophores and ones which call forth a permanent increase in the 
amount of pigment, and conversely with “contraction”. 

This recognition of the causal relation between the phenomena of transitory 
and of quantitative colour change has been called by more than one writer “ BabAk*s 
Law”. Stated merely as a causal relation, it is now generally accepted by workers 
in this field. It appears to be uncertaia, however, whether the states of chromato- 
phore “expansion” and “contraction” directly cause the trophic conditions which 
lead to the multiplication or elimination of these cells, as Babdk, Himmer and 
Giersberg believe, or whether these are merely parallel results of a common 
(perhaps hormonal) cause, as was admitted as a possibility by Giersberg, and has 
recently been maintained by Odiome. 

Himmer (1923) set out to test Bab&k’s contention that “morphological” colour 
changes are a result of prolonged “physiological” colour changes. He performed 
the interesting experiment of subjecting larval salamanders to dilute solutions of 
cocaine, a substance which he found to produce a continued state of contraction of 
the melanin masses, regardless of any visual stimuli. The result was a reduction in 
the number of melanophores, a condition which was limited, however, to the larval 
stages. Neither xanthophores nor guanophores were affected by this treatment. 

These results would seem to favour the view that the quantitative reduction of 
melanin is a direct effect of its being concentrated within the cell. But such observa- 
tions as Hinuner’s plainly demand confirmation. 

Murisier (1920-1) does not appear to be altogether consistent in his statements 
on this question. At one point, he expresses the belief that “the contraction of the 
melanophores arrests the elaboration of their pigment and retards their augmenta- 
tion in number”. Later, however, he states: “The inhibition of pigmentogenesis 
does not result then finm the accumulation of pigment at the centre of the cell, 
since it already manifests itself in the pre-pigmentary element, before the appear- 
ance of melanin granules. One arrives thus at the idea that the centripetal noigration 
of the pigment granules and the arrest of pigmentogenesis represent two parallel 
but secondary effects of the same primordial cause: the arrest of nutrition of the 
cell which elaborates the melanin.” (A'onr.) 

Giersberg (1934) also hesitates between the view that “morphological” colour 
change is the direct result of “physiological”, and the view that both are the result 
of a common hormonal cause. He concludes that neither relation need hold in all 
cases. As evidence that a continued “contraction” of the melanophore pigment 
may result in its diminution, he points, among other things, to the outcome of an 
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experiment in which he injected a young brown goldfish with adrenalin throughout 
a period of years. As a result, this animal ultimately lost its yellow and brown 
pigments. He suggests, furthermore, that the loss of pigment in a fish kept on a 
white background is due to the secretion of adrenalin into the blood. Such an 
experiment as the one cited certainly demands repetition. Furthermore, if this 
result were confirmed, one might still be very doubtful whether loss of pigment 
following sojourn upon white is due to the same cause. 

Odiome (1936) expresses unequivocally the view that “morphological colour 
changes (alterations in pigmentation) and physiological colour changes (arising 
from pigmentary movements) are phenomena resulting from a common cause. 
The former are not regarded as dependent upon the latter. . . . The neurohumors 
which are instrumental in bringing about the pigmentary migrations in Fundulus 
also exert trophic influences upon the melanophores.” 

This last view accords better with our present knowledge of the “ neurohumoral ” 
action of pigmentomotor nerves as developed by Parker and others. It accords 
better also with the fact that numerous chromatophores may appear in a fish under- 
going black adaptation, which do not seem to arise from pre-existing chromatophores 
(Murisier, 1920-1 ; Sumner & WeUs, 1933). 

IX. NERVOUS AND HORMONAL CONTROL OF CHROMATOPHORES 

The question of the mechanism by which stimuli originating in the retina are 
transmitted to the eflector organs, the chromatophores, is only incidental to the 
primary object of this review, though it is probably the aspect of colour-change 
physiology which is receiving the greatest attention at the present time.^ An 
increasing role is being assigned to hormones in linking the receptor with the 
effector organs. These are partly well-recognized hormones from endocrine glands 
(pituitary and adrenal), which may be transmitted through the blood stream in 
response to retinal stimulation, pardy a more hypothetical class of “neurohumors”, 
which seem to be generated at the sympathetic nerve terminals and to diffuse through 
the tissues. Hormonal control has thus far been studied almost wholly in relation 
to the transitory “physiological” colour changes, though it is likely that quantitative 
chai^ies result in time from any mfluence which brings about the transitory ones. 

Pouchet (1876) demonstrated experimentally the control of the chromatophores 
in tdeost fishes through the sympathetic nervous system, and Ballowitz (1893) 
furnished what seems to be conclusive histological evidence of the intimate con- 
nexion between these cells and the nerve terminals. Indeed, with certain modifica- 
tions, the hypothesis of direct nervous control appears to be universally accepted at 
the present time for the teleost fishes. 

The modifications have been in two directions, (i) Numerous experiments 
have shown that responses to visual stimuli may occur, though tardily, after this 
intimate connexion between the nerve fibrils and some particular group of chroma- 

^ Rather extensive bibHograpfaies of thia phase of the subject have been given by Packer 
(193^ 1933, 1936, 1938), -who, dong with a conaidenible group of oollabovatois, has been an outstand- 
ing leader in this fidd during the past two decades. 
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tophores has been abolished. This has led to the supposition that even in “direct** 
nervoiis control, the responses are due to hormones liberated at the nerve terminals 
and carried to the chromatophores by intercellular diffusion (Meyer, 1931 ; Parker, 
1934a; Giersberg, 1934; Veil, 1936; and others). 

(2) Evidence has been offered, tending to show that even in teleosts a certain 
amount of influence may be exerted by blood-borne hormones (chiefly those of the 
pituitary), which are liberated in respoiae to various stimuli (visual among others), 
and act directly upon the chromatophores, independently of any local nervous 
control (Parker, 19346; Giersberg, 1934). So far as teleosts are concerned, such a 
process is generally believed to be of secondary importance, as compared with 
more direct forms of nervous control. The blood-borne hormone here involved is 
usually presumed to be a product (or products) of the pituitary. But Giersberg 
(1934) has suggested that adrenalin may likewise be liberated into the blood stream, 
in &hes undergoing white adaptation. It is further contended by Giersberg (1930, 
1932) that the coloured chromatophores (lipophores) of the minnow, Phoodnus, are 
not innervated at all, but are regulated entirely by the pituitary secretion infundin. 
Waring (1936) states that “Zondek & Krohn (1932) have shown that in teleosts, 
injections of posterior lobe pituitary cause an actual increase in the amount of 
melanin per chromatophore”. This is an interesting result and should be confirmed. 

An incidental result of possible importance in this connexion was obtained by 
Sunmer & Doudoroff (19386). In the experiments with Gambusia, already discussed 
(p. 357), in which the fishes were kept for considerable periods upon backgrounds 
of differing albedo (five shades in one experiment, two in another), it was found 
that the incidence of a fatal disease was far heavier in the black aquaria than in 
those of lighter shade. In the first experiment, indeed, nearly twice as many fishes 
died on black as on the other four shades combined. In this experiment, moreover, 
the death-rate in the dark grey aquaria rated next to that in the black. The figures 
from the second experiment revealed no probable relation between the incidence 
of this disease and the intensity of the illumination. As in the case of melanin 
production, the determining factor was the background. It is, of course, impossible 
to say whether these differences in morbidity resulted from the changes of pigmenta- 
tion sSf or from physiological processes underlying these changes. It is, however, 
easier to suppose that physiologically active substances such as hormones could 
bring about these results than relatively inactive substances such as melanin or 
xanthophyll. 

In elasmobranchs, the evidence for hormonal control seen^ to be much dearer. 
Darirfflodng appears to be due to a water-soluble, blood-borne secretion from the 
hypophysis. Concerning paling, the evidence appears to be contradictory, or 
perhaps the situation is different in different species. Direct nervous control has 
apparently been demonstrated in at least one case (Parker & Porter, 1934), while 
this has not been found in a number of others. Hogben (1936) postulated the 
existence of a chromatophore-“ contacting’* secretion in some elasmobranchs, 
along with the “esqjanding” secretion from the pituitary. So feu: as I know, no 
quantitative pigmental changes have been recorded for fishes of this group. 
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It is in the Amphibia that the hormonal control of the chromatophores has been 
longest and most widely recognized. In this group, colour change appears to be 
chiefly if not wholly controlled by that means. The effect of extirpating the hypo- 
physis upon the visible pigmentation of amphibian larvae was early shown by 
Smith (1916) and Allen (1917). The former reported an extensive loss of the 
black pigment 

Hogben concluded, after a summary of existing knowledge in this field (1924), 
that "die hypothesis of pituitary secretion fluctuating in correspondence with the 
action of natural stimuli tending to produce colour response is in the existing state 
of knowledge adequate, at least in adult Amphibia, to interpret all the salient facts ” ; 
and again, “even if a nervous mechanism for regulating colour control exists, it 
plays no significant role in the rhythm of normal colour response m the Amphibia”. 
Paling, according to this view, results from an inhibition of the secretion of the 
darkening hormone of the pituitary. More recently, Hogben & Slome (1936) have 
offered evidence for the existence of both darkming (“B”) and paliig (“W”) 
substances in the secretion of this gland. It may be said that at preset the pre- 
vailing view is to the effect that direct (i.e. local) nervous control of the chromato- 
phores is lacking in Amphibia. However, this view is not unanimous. 

Vilter (1935, 1938) has recently uiged that the control of colour change in the 
axolotl is “neuro-endocrinienne”, specifically “sympathico-hypophysaire”. The 
sympathetic control is inhibitive, tending to “contract” the melanophores and 
depress their growth and multiplication. Some action of a spatially restricted 
nature is necessary, he urges, to account for the melanophore patterns in the skin 
(spotting, and the dorso-ventral contrast in pigmentation). These patterns, at the 
outset, are said to be purely functional appearances, due to the localized “contrac- 
tion” of the melanophores. Vilter regards this nervous control as actually being 
hormonal, however, in the sense of its acting through diffusion hormones, as 
discussed above. Grafting mq>eriments are offered as evidence of this. 

In contrast to the sympathetic control, control by the hypophysis is uniform in 
its indd^ce throughout the body; it is melanophore-** expanding” and growth- 
promoting. 

Vilter is disposed to extend his belief in the opposing activities of the hypophysis 
and sympathetic system to all vertebrates. He dtes pathological cases of pigment 
production, following damage to the sympathetic nerves, and goes so far as to assert 
that “all natural pigmentation is due to &e activity of Ihe hypophysis” (trans.)» 


X. SUMMARY 

Fishes and, in lesser degree, Amphibia respond to badgrounds in such a manner 
that their shade, and to a certain extent their colour, tend to conform to that of the 
substratum on which they lie, or over which they swim. The integrity of the eyes 
and of m^or portions of the nervous system is essent i al to th^ phenomena. 

The immediate, transitory or “physiological” colour changes are due to the 
rearrangement of pigment partides alrrady present. When the effective stimuli are 
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continued for some days or weeks, changes become evident both in the number of 
chromatophores and in the pigment contents of each (quantitative or “morpho- 
logical” colour changes). 

All three of the types of chromatophores (melanophores, guanophores, lipo- 
phores) are affected by these changes. Dark backgrounds favour the production of 
melanin and inhibit the production of guanin. Pale backgrounds have a reverse 
effect. In fishes at least, production (or retention) of the yellow pigment xantho- 
phyll is favoured by black backgrounds and retarded by white ones, agreeing thus 
with melanin. To what extent there is any specific effect of coloured backgrounds 
{senm stricto) upon the quantity of xanthophyll is not clear at present. 

Intensity of illumination, above a rather low level, has very little effect upon 
pigment formation in fishes. There is some evidence, however, of a slight degree of 
positive correlation between light intensity and melanin formation. Total darkness 
leads to pigment reduction both in fishes and Amphibia. 

Blinding of both eyes, in both of these groups, results in a marked increase of 
melanin, but only in animals which are kept in the light. 

Experiments involving illumination from below are known to have resulted in 
considerable increases in pigmentation of the ventral surface, both in fishes and 
Amphibia. It is not certain in these cases whether optic stimuli have been concerned, 
or whether the effects have been due to direct illumination of the skin. 

The response of a fish to its background is primarily a response to albedo, this 
being defined as the proportion of incident light which is r^ected or dispersed 
from a given surface. On the basis of considerable evidence, a rule has been 
formulated which has been found to hold approximately, at least for certain fishes. 
This rule is that, when the animals are subjected to a variety of backgrounds, under 
uniform illumination, the amount of melanin (or the number of melanophores) 
produced varies inversely as the, logarithm of the albedo of the background. The 
dose analogy between these pigmentary responses of fishes, and the phenomena of 
sense perception in man for which the “Weber-Fechner Law” was formulated was 
pointed out. 

The question of how a fish recognizes, and responds to, a given albedo, regardless 
of the absolute degree of illumination present, resolves itself into the question as to 
how the animal perceives the ratio between the source of light and the light reflected 
from the bottom and surroimding objects. This last does not seem to be so diiScult 
an achievement when we consider that the ratio in question is ordinarily that 
between the upper and lower halves of the field of vision, or in other words, between 
the stimulus received by the lower and upper halves of the retina. Experimental 
evidence is accumulating showing that these two areas of the retina are functionally 
differentiated in the required maimer. 

It was early r^x)gnized that those conditions which tend to bring about transi'* 
tory colour changes are the same ones which, if prolonged, produce quantitative 
changes. The question has been raised whether the state of diromatophore “ex- 
pansion” (pigment dispersal) per se, promote pigment production and cell multipli- 
cation, and chromatophore “contraction” promotes the reverse processes, or 
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whether both transitory and quantitative changes are the results of a common 
(probably hormonal) cause. The weight of present evidence probably favours the 
latter interpretation. 

The relative roles of direct nervous control of the chromatophores and control 
through hormones is still a subject of controversy, both for fishes and Amphibia. 
It now seems probable, not only that these two classes of animals differ from one 
another in important ways, but that the two major groups of fishes, elasmobranchs 
and teleosts, likewise differ from one another. Even within the group of elasmo- 
branchs, moreover, important differences have been claimed. The whole subject is 
further complicated by the discovery that “ direct” nervous control is itself probably 
mediated through hormones liberated by the nerve terminals. In general, it is now 
believed that nervous control (with the reservation just indicated) is the one 
chiefly involved in the colour changes of teleosts, while control through blood- 
borne hormones is chiefly involved in the colour changes of both elasmobranchs 
and Amphibia. But this statement oversimplifies the present state of the problem. 
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ADDENDUM 

Since the foregoing review was prepared, Osborn (1940, Proc. not. Acad. Sci. 
Wash. 26 , 155-61) has reported the results of recent experiments in illuminating 
flounders from below. This procedure resulted in a considerable development of 
pigment upon the lower, normally white, surface of the body, both in normal and 
in blinded fishes. These results were obtained with well-grown specimens (ii to 
17 inches). The effects were manifest within a few weeks. The fact that blinded 
fishes kept on white backgrounds lighted from above also developed ‘'unmis- 
takable amounts of ventral pigment*’ suggests, as Osborn remarks, that vision is 
not essential to this process. But I think it likewise suggests that in his experi- 
ments with normal fishes the development of ventral pigmentation was notnecessarily 
a direct response of the skin to illumination. 
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I. A DISCUSSION OF THE TERMS USED 

Three words in the title need consideration: “purity”, “large” and “molecules”. The 
first is the subject that wc are dealing with and the other two will simply be defined 
in a manner useful in the context of this review. 

A convenient minimum size for a “large molecule” is the limit reached by 
existing methods for the synthesis of organic molecules of accurately known 
structure 'but not built up by the polymerizalion of simple substances such as 
ethylene oxide (Louren90, 1863) or mixtures of phenol and formaldehyde (Badce- 
land, 1909). This limit is chosen because synthesis, and a comparison of the 
properties of the synthetic product witibi those of the natural product is one of the 
most reliable tests for the purity of the natural substance. The products of a 
synthesis are not necessarily pure, but there is a hi^ probability that any im- 
purities present, if they are not breakdown products of the substance concerned, 
will differ from those present in the naturally occurring material. If, then, the 
natural product behaves in the same way as the synthetic, it is likely that the 
behaviour is due to the substance which it was one’s intention to asmthesize. This 
point is already fully appreciated by the more prudent workers (e.g. Fildes & 
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Richardson, 1935)5 and the recognition of differences between natural and synthetic 
products has been instrumental in the discovery of many new phenomena. 

The molecular weight of a synthetic product can generally be deduced from the 
method of synthesis, and the physical measurements are used to confirm this value. 
There is no such a priori expectation in the case of a polymer and it is necessary to 
use the same physical methods both for assessing its homogeneity and for deter- 
mining its molecular weight. Furthermore, polymers generally consist of a mixture 
of substances with very similar properties but covering a range of molecular sizes. 

The molecular weight limit of partly or totally synthesized orgamc molecules 
appears to be 5000 if we exclude those that consist largely of heavy atoms such as 
tungsten and bromine. Od^n (1918), in connexion with his work on humus, 
prepared several derivatives of raffinose, the hendeca-cerotyl ester of rafluiose has 
a molecular weight of 4669. Of a «tmi1ar order of magnitude are Fischer & Freuden- 
berg’s (1913) hexa(tribenzoyl-galloyl) mannitol (m.w. 2967) and hepta(tribenzoyl- 
galloyl)-p-iodophenyl maltosazone (m.w. 4021), Foumeau et al. (1924), in the course 
of TTi flkin g the trypanodde “309”, prepared a series of drugs related to Trypan 
violet with molecular weights as large as 1626. This method of defining the lower 
limi t to the subject agrees satisfactorily with Staudinger’s (1932) distinction 
between eucoUoids (m.w. > 10,000) and hemicoUoids (m.w. 1000-10,000). 

It is impossible to frame a similar arbitrary definition of the upper limit in 
molecular weight because of the uncertainty that exists in the distinction between 
large molecules and particles; the standard definition of a molecule as “the smallest 
particle showing all the chemical properties of the material” merely substitutes for 
this uncertainty an uncertainty about the differences between chemical and physical 
properties. Ultimately the distinction between a molecule and a particle (in the 
usml biological material this would be a fragment from a tissue or bacterium) or 
association of molecules depends on the stability of the link or links holding the 
parts together. Staudinger (1935) sug^ts that the relationship between the 
particle weight, the concentration of a solution, and its viscosity, is constant for a 
wide range of particle weights if molecules of the same general character are 
considered. If therefore the lower ipembers of a series are known to be held 
together by primary valencies and give the same relationship as the higher members 
of a series, the latter are also held together by primary valencies and are therefore 
molecules, whereas if the relationship changes it can be concluded that subsidiary 
valencies are involved. Although the principle underlying this idea is no doubt 
sound, it can hardly be applied generally to materials of biological origin since we 
have not the necessary models of low molecular weight. 

The group of substances with which we are concerned in this review lies in the 
zone between microscopic particles and associations of molecules of known struc- 
ture, and the word “molecule” wUl, for amvenience, be extended to include any sub- 
microscopic particles that have been studied by chemipal or physico-chemical mfianR. 
In the ^ctreme case of particles visible under the microscope, differences in the 
appearance or staining properties of the different parts can generally be used as 
evidence that we are dealing with a mixture of molecules held together by forces 
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that arc aa yet inadequately explained. \^th similar particles it is usu al to Tnairp tf>ft 
arbitrary distinction on the basis of the ease 'wi'di which the constituents are 
separable from one another. The stabilily of bonds drawn in accordance with the 
usual chemical conventions may vary gready widi different substituents on the 
atoms linked together. For sample, Bergmann et al. (1929, 1930) have found tiiat 
the ease of hydrolysis of a peptide link is greatly ^ected by the character of 
neighbouring substituents and the difference in the stability of the C — C linkage in 
a paraffin chain and in hexaphenyl ethane is well known. Throu gh the study of the 
co-ordination compounds and molecular compounds (cf. Bennett & Baker, 1931 ; 
Hiickel, 1934) a large field of chemistry is being opened up in which, although the 
law of multiple proportions may hold rigidly, very weak valency forces are involved. 
These studies offer a useful analogy for that type of loose intermolecular combina- 
tion which plays such an important role in biodiemistry but they do not give us any 
very reliable means of clasaifying these substances. During the past decade there 
has been no change in the position clearly described by Sorensen (1930) : “Hence a 
rational classification of chemical combinations based on the type and strength of 
the valencies effective in the combinations is hardly producible. It is easy enough 
to set up typical representatives of each group of the dassification, but at the same 
time it must be conceded that all kinds of transition links exist between the groups. 
These difficulties also make themselves felt in the choice of classification principles 
and of the nomenclature capable of suitably characterising the behaviour of 
high molecular substances.” 

Willstatter & Rohdewald (1934) use the term “symplex” for an association of 
substances one or both of whidh has large molecular weight, it is also used by 
Przyiecki (1939) to cover a range of natural and artificial products. These authors 
have made no attempt to define the nature or stability of the linkage which holds 
the constituents of a substance in the symplex category together. It is therefore 
doubtful whether the introduction of an undefined term intermediate between 
molecule and particle is useful. 

M^er & Mark (1928) and Ostwald (1929) have opposed the extension of the 
original meaning of the words “molecule** and “molecularweight” to cover this group 
of substances and they suggest the use of Nageli’s word “micelle** instead. Sorensen, 
however, although he exdudes the lipoproteins firom the cat^ory on the ground of 
their lability (1930), finds “molecule** a satisfactory descriptive term for the other 
proteins that he hga studied and it has been used by most workers on the water 
soluble proteins during the last few years. 08twald*8 objection was due, not to the 
weakness of the linkages, but to the inhomogeneily of the materials with which he 
was concerned, whereas Sorensen and WillstStter would not use the word in some 
cases where physical measurements suggest that the preparation consists of particles 
of the same weight 

If we say that a particle has a molecular wei^t of 50,000,000 we have piejud^d 
the question of whether it shnuld be called a molecule or not; on the other hand, 
the periphrasis “having a weight equal to that of a molecule of molecular weight 
50,000,000** is clumsy. There seem to be tiiree ways of avoiding this difficulty: 

as-a 
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(1) To speak, as Bawden (1939) has done, of particles weighing 50,000,000 

times as much as a hydrogen atom. , 

(2) To measure all these weights in grams or micrograms. 

(3) To use a symbol for one-sixtewith of the weight of an oxygen atom and 
then to refer to particle weights in terms of this unit. 

The first course is objectionable in tiheory only, for the difference between the 
atomic weight of hydrogen (i‘Oo8) and i*o on the atomic weight scale (oxygen — 16) 
is insignificant in most measurements on large molecules. There is littie to be said 
for the second course which leads to unwieldy numbers, and to difficulties in any 
statement involving molecular weights of the smaller proteins as well as these large 
particle weights. The third course is an extension of molecular weight nomen- 
clature that substitutes an absolute unit of 1*65 x g. for the ratios normally 
used. The symbol “ h.” might usefully stand for this quantity, and, if we follow the 
usual rules of symbolism (cf. Hill, 1935), Mh. would be 1,000,000 times this 
quantity or 1*65 x io-“ g. In the example already used the particle would therefore 
have a weight of 50 Mh. The symbol ML would be that normally employwl, for 
with smaller particles there is more rarely any objection to speaking of molecular 
weight; confusion will not therefore arise between the new symbol and Planck’s 
constant, and the advantages of a symbol that su^ests a relationship with the 
hydrogen atom can be fully exploited. 

From the discussion of the significance attached by different chemists to the 
word “molecule” it is clear that no hard and fast lines can be drawn. It is unfortunate, 
therefore, that in some biological writii^ effort should be esqiended on a discussion 
oC whether or not structures such as viruses or genes are molecules (e.g. Stanly, 
1938 a, b'j Gulick, 1939). If the issue is in doubt the word should be avoided, for 
the properties and potentialities of a virus are in no way circumscribed by the 
demonstration that it is often possible to study it with the techniques used in the 
study of admitted molecules and this is all that the work on the purification of viruses 
has done. The word “molecule” tends, and is often intended, to imply a larger body of 
eitact information about a structure than we do in fact possess. Like the word 
“crystal” it very often conveys a felse impression even although a direct 
has not been niade ; in oth^ words it “lends an air of verisimilitude to an otherwise 
bald and unconvincing narrative”. 


IL FOUR IMPLICATIONS OF THE WORD “PURE” 

In many branches of organic and inorganic chemistry the behaviour of a 
OTbstance on distillation or on crystallization and recaystallization, the constancy of 
its analytical figures, the perfection of the agreement between these figures 'and 
those calcuLted for some simple formula and a comparison between the properties 
of preparations made by different methods, are oiteria of purity which satisfy all 
the most pedantic. There are also, however, groups of substances, e.g. deriva- 
tives of the elements of the rare earth group and some lipoids, whmre tiiese criteria 
are.either inapplicable or no longer reliable. Proteins, polysacchatides other 
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molecules large enough to be included within the limits defined in the preceding 
section, must be compared with this second group. 

At a certain degree of complexity the word “pure” takes on connotations difiEerent 
from those that it has in chenucal usage, and there is a danger that this change of 
meaning may cause confusion. There is, for example, no chemical significance in 
the phrases “a pure culture of Br. meUtensis** or “a pure strain of mice”, although 
each has a definable bacteriological or genetical meaning. The implications of the 
word when applied to a preparation that has a measurable activity, e.g. an enzyme, 
an antigen or a virus, can be considered under four main headings : 

(1) The preparation may contain particles identical in size and in chemical 
composition and each carrying the fiill unmodified activity of the starting 
material. 

(2) The preparation may be chemically and physically homogeneous but all 
the particles may have been altered by manipulation so that th^ are of reduced or 
enhanced activity or they may have lost some aspects of their activity. The pre- 
paration, although all the constituent particles are of identical size and composition, 
is not therefore pure in the first sense because it is a different substance horn that 
present at the beginning. 

(3) With particles built up by the repetition of a subunit the particles may be 
of similar composition and they may all be active but they may cover a range of 
sizes. 

(4) The prepaiktion may consist of a mixture of chemically and physically 
distinguishable substances each of which carries the activity described. 

(i) The ideal case 

In general, it is the first meaning that is understood when the word “pure” is 
used, and if it is claimed that a substance is pure in this sense the only difificulty that 
arises is that of getting the necessary evidence. In theory attention should also be 
paid to the isotopic constitution of a substance, for differences in the physiological 
effects of isotopes have been noticed. Brewer (1937) and Lasnitzki & Brewer (1938), 
for example, have found that the proportion of the potassium isotope with atomic 
wei^t 41 is greater in bone maxrow and smaller in the Jensen sarcoma than in 
other tissues or in mineral deposits. There is a tendency to minimize the possible 
unportance of isotopes because the percentage of the heavy isotope in the four 
commonest biological elements, hydrogen, carbon, nitrogen and oxygen, is small 
(o*02, 07, 0*38, 0*2 % respectively); however, other elements of known biological 
importance i^ve their isotopes more evenly balanced, e.g. chloiine, copper and 
zinc (24*6, 32 and in the case of zinc 27*3 and 17*4 % respectivdy). these 
elements the difference between the isotopes is smaller because of the greater atomic 
weight, but it is wdl to bear in mind that compounds containing such elements are 
mixtures eff wmilar quantities of two or more substances. At the present stage in the 
devdopment of Hochemistty this refinement in our conceptions of purity is 
probably unnecessary. 
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(2) Substances modified dttrir^ isolation 

The difficulties that arise in considering substances that have been modified in 
the sense of hfading (2) are due primarily to the absence of a satisfactory standard 
for the initial activity. With substances that occur in nature as solutions, such as 
secretions or sera, or with substances that are exclusively studied as solutions, 
standards can be set up. It is then possible to compare the crude with the purified 
TTifltftrial and to consider whether any differences that are noticed are due to changes 
in the molecule or to other constituents in the crude mixture. The soluble specific 
substance of type I pneumococcus is a case in point, for several workers (e.g. Felton, 
1932; Wadsworth & Brown, 1933) have found that products isolated by the 
technique of Heidelberger et al. (1925) differed from crude bacterial extracts in 
predpitability and immunizing ability. Avery & Goebel (1933) showed that the 
earlier product was a deacetylated derivative of the carbohydrate present in these 
crude extrac ts and that, if deacetylation is avoided, there is a close correspondence 
between the immunological properties of crude and purified material. 

Chlorophyll and haemoglobin can be studied in considerable detail while still 
inside the cldoroplast or corpuscle. The differences in solubility and absorption 
spectrum between chlorophyll in the chloroplast and after isolation are due ap- 
parently to its presence as a complex in the chloroplast, and Smith (193S) has 
prepared extracts which resemble the diloroplast material more closely than chloro- 
phyll isolated by the usual procedures. The state of haemoglobin in the corpuscle 
may be similar. From a study of the oxygm dissociation curve of corpuscles and 
of purified haemoglobin Altschul et al. (1939) conclude; *‘In the erythrocytes 
haemoglobin is either in a different form from that obtained by our method of 
preparation or it is associated with some other substance. From the biological 
point of view haemoglobin, as it exists in the cell, is of greater significance, while 
from the chemical view-point, this ‘purified* form may very probably be of greater 
interest.** The truth of this statement will depend on whether we look on haemo- 
globin as a substance defined by a certain method of purification or as the oxygen- 
transporting material m the corpuscle, for in the latter case, if it is combined in the 
corpuscle, it is no longer haemoglobin when free. Adams (1938) finds that corpuscles 
lack an absorption band at 410 m/t which is shown by haemoglobin or by laked 
blood ; this band disappeared from haemoglobin solutions when they were incubated 
with a stroma protein preparation. Adams suggests that in the corpuscle there is a 
complex of this type. The effect on the absorption of light would seem to be 
noticeable in only a narrow region of the spectrum, for Drabkin & Singer (1939) 
find no difference in the 500-630 mft r^on between the spectra of isolated haemo- 
globin and of corpuscles after correction for the effects of scattering. 

The various preparations of tobacco mosaic virus that have been described 
iUustrate changes of a somewhat different type that may be undergone by a sub- 
stance during the course of isolation. Preparations made before 1935 were either 
not described chemically or else they consisted largely of matetial having no 
connexion with the virus. Stanley (1936, 1937) described pr^>arations which. 
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although they could properly be called proteins, consisted largely of either extraneous 
protein or protein derived by the breakdown of the virus that had been present in 
the sap. It is these preparations that have been described as crystalline. The pre- 
parations made by Bawden et al. (1936, 1937®) were also proteins, but their descrip- 
tion of the virus differed so completdy &om that published by Stanley that only 
the infectivity suggested that the same substance was being handled. These dif- 
ferences covered physical properties, chemical composition and serological precipi- 
tation. Bawden & Pirie (193?^) pointed out that when the purification was carried 
out by the methods so far described, methods that have been in use in protein 
chemistry for fifty years, the virus suffered an irreversible change. This change 
leads to lower infectivity and filterability but not apparently to changes in 
composition or serological behaviour; all preparations which appear fibrous or 
para-crystaUine under the microscope have been made by treatments, e.g. precipi- 
tation with add or ammonium sulphate, which bring about this change. There is 
reason to think that this change or aggregation (Bawden & Pirie, 1938 a) may occur 
naturally in old or necrotic plants, but it seems reasonable to look on the most 
active naturally occurring material as our standard for tobacco mosaic virus. More 
recently preparations have been made by high-speed centrifugation at low tempera- 
tures in which this change had been avoided or at any rate minimized (Loring et al.^ 
1938). .Repeated centrifugation is necessary to get colouriess preparations of 
constant analytical composition, and on repeated centrifugation there is apparently 
a fall in infectivity and filterability although not to the levd reached in preparations 
rigorously purified by ammonium sulphate predpitation. It has not as yet been 
shovm tbat preparations that are in the fully infective state are free from other plant 
constituents, nor has it been shown that they are homogeneous by other criteria. 
It would appear therefore that preparations that contain tobacco mosaic virus in its 
most infective state have not yet been shown to have suffdent chemical and 
physical homogeneity to make the discussion of their purity profitable, whereas the 
apparently homogeneous preparations can no longer be looked on as unmodified 
virus. The work of Bawden & Pirie (1938 d) and Loring (1938) suggests that some- 
what similar changes take place during the isolation of potato virus “ but there 

is reason to associate these changes with the removal of a polysaccharide. 

(3) Isochemical substances 

Bronsted (1931) described substances as “isochemical” when they did not differ 
essentially in chemical properties but only in molecular or partide wdght, and he 
has discussed the effects of these differences in weight on the partition of the 
substances between different phases. Especially in cases where association and 
dissociation is reversible or where the startii^ material is likewise heterogeneous, 
such a product could legitimately be called pure. Substances that have been rendered 
soluble by the mechanical fragmentation of a coarser material would be expected 
to be isochemical, and Beckmann & Landis (1939 a, b) have studied in the ultra- 
centtifrige amylose preparations made by the dry grinding of com sta r c h . Iso- 
chemical mixtures are generally encountered either as the result of such mechanical 
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treatment or among the products of pol3mierization reactions. The chemical 
properties of all the fractions of a mixture made in these ways need not be identical 
but only similar, and as an example of this the weU-known effect of previous 
treatments such as milling on the reactivity of cellulose preparations towards 
iodine or acetylatii^ £^ents, may be cited. 

Sabin’s (1939) picture of the origin of normal and antibody globulins is interest- 
ing in this connexion. She suggests that the outer surface of the macrophages is 
fthed in a manner correlated with antibody formation and suggests that antibodies 
are made by the dispersal of these fragments in the serum. It might have been 
expected that soluble proteins arising in this way would be inhomogeneous with 
respect to molecular weight as was observed with the native antigen of Brucella 
meUtensis for which Miles & Pirie (1939 c) suggested a somewhat similar origin on 
the surface of the bacterial cell. Many centrifugal analyses (e.g. Eabat, 1939) have, 
however, shown that antibodies, unless derived from animals that have been 
immunized over a long period, are relatively homogeneous. In terms of these 
hypotheses therefore we must picture the macrophage surface as subject to a much 
more imiform dispersal than the BruceUa surface, i.e. the one breaks up like a tiled 
and the other like a cement floor. The two products have this in common, that each 
shows anisotropy of flow and Kabat (1939) finds that horse antibody particles are 
more anisodimensional than those of any other protein for which figures have been 
published (cf. table in Svedberg, 1939). 

Reversible associations and dissociations have been found by many workers for 
many substances, e.g. Tiselius & Horsfall (1939) studied the effect of^H changes on 
the ^emocyanins, Hand (1939} the effect of dilution on urease, and Miles & Pirie 
(19396) the effect of sodium dodecyl sulphate and ammonium sulphate on the 
soluble specific substance of Brucella meVtenm, These treatments changed the 
molecular or particle weights by a factor of 8 or more, whereas isochemical in- 
homogeneity in Bronsted’s sense does not cover a range as great as this. Small 
variations in the molecular weight of a substance are more li^y to occur among 
molecules that are built up from a repeat unit than among the proteins. The im- 
possibility of dividing a protein into two or more identical pieces, i.e. the absence of 
any repeating structure, is an important feature of the Bergmann & Niemann (1937) 
hypothesis of protein composition. Furthermore, since the amino-acids are look^ 
upon as forming a set of interpenetrating sequences in which each occurs a number 
of times expressible as 2” x 3*" (where n and m are int^ers), there are not many 
ways in which pieces could be cut from or added to the structure. It will, however, 
be generally conceded that this hypothesis is simply a valuable approximation to 
a picture of protein structure and that, since it depends on the precision of amino- 
acid estimations, its uncertainty will become great when the molecular weight of 
the protein exceeds about 200,000. Inhomogeneous protdns are of course wdl 
known, but either as a result of pathological conditions where it is reasonable to 
assume that there has been a breakdown of normal protein (McFarlane, 1935) or as 
a result of the treatments the protein has received during isolalmn. Un^ one of 
these inhomogeneous products is foacrionated and the extent of the r^pminal 
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difference between components of different weight is determined it is impossible 
profitably to discuss whether they fall within the isochemical zone or not. 

Since the proteins that have been studied are built up from a number of different 
amino-adds that is generally between one-tenth and one-sixtieth of the total 
number of aiumo-add residues present, it will only rarely be possible to have slight 
changes in the molecular weight without at the same time having significant changes 
in the proportions of the different amino-adds. Changes of this type are referred to 
as “protein plastidty**, and evidence that they occur as a result of changes in the 
diet and environment of the animal that is mnlring the protdn, has been published 
by Roche (i935)» by Roche & Roche (1936) and by others. Clearly the formation 
of antibodies shows that some cells, as a result of an altered environment, can make 
proteins with different properties, but it has not been conclusively shown that other 
protein-synthesizing cells share this property. It still seems to be possible to 
e^lain the phenomena covered by the term “ protein plastidty” by variations in the 
ratio in which two or more proteins are made, by variations in pH causing different 
degrees of dissociation, as in the experiments of Tiselius & Horsfall (1939) on the 
haemocyanins, or by minor variations in amino-add content caused by chemical or 
enzymic action on the unhydrolysed protein (cf. Schmidt et al. 1940) rather than 
by variations in the original constitution of an individual protein. 

( 4 ) Substances that share a name 

When substances are chemically and physically distinguishable but share a 
common property any confusion that may arise through the early use of the same 
name to cover all of them is purely verbal and is easily resolved by retaining the 
old name as the name for the group and giving to each individual its own name. 
Two examples of mixtures that have rec^tly been separated in this way may be 
given: heparin, which Jorpes & Bergstrom (1939) claim is a series of substances 
with varying sulphate content, and pepsin, which Desreux & Herriott (1939) find 
consists of several components even when it is derived from one animal species. 


HI. ASSESSMENT OF PURITY BY CHEMICAL ANALYSIS 

Elementary analysis is of great value in suggesting to which group of substances 
a product bdongs and in assigning upper limits to the extent of possible contamina- 
tion by specified substances. The different members of a group, e.g. the polysac- 
charides, have as a rule such similar chemical composition that dementary analysis 
can give no further info rmati on about the state or constituents of a preparation. 
S imilar ly, when it is known that a prq>aration consists latgdy of protein it is dear 
that the carbon, hydrogen and nitrogen content has Htde rdevance in the discussion 
of its purity, for all proteins give similar figures and it is more satisfactory .to 
demonstrate the pr^ence of non-protein material by direct estimation rather than 
by inference from low nitrogen omtents. At best these analyses could be used to 
show the r^jularity with'v^hich the same product can be obtained; when used in 
way, however, the figures should not vary from paper to paper as much as 
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those of some supposedly pure plant viruses. Anal3^es for elements which occur 
in smaller quantities, e.g. phosphorus, sulphur and metals, are of more value, and 
so are estimations of groups such as sugam or amino-adds. It is unfortunate that 
the latter often involve the use of methods with low precision and specifidty. The 
prindple that a protein molecule must contain one residue of each of its constituent 
amino-adds has often been used to establish the minimum molecular wdght, but, 
if some other estimate of the molecular wdght is available, it is of greater use as a 
criterion of purity. For example, the assumption that the silk fibroin in which 
Vickery & Block (1931) found 0*07 % of histidine was a mixture is as probable as 
Bergmann & Niemann’s assumption (1938) that it was pure and had a molecular 
wdght of 217,700. Accurate metal estimations give valuable evidence on the uni- 
formity of successive fractions of a product, and th^ suggest that several proteins, 
which had appeared to be homogeneous, are in fact mixtures. Thus haemoglobin, 
although it is known not in general to form mixed crystals with the haemoglobins of 
other spedes, seems to carry a copper-containing protein with it after repeated 
crystallization, for Elvehjem et al. (1929) have found o*ooi3-0‘003 % of copper. 
This would necessitate a molecular wdg^t of over a million if the copper is not an 
impurit7. Furthermore, if concanavalin A contains 0-023 % of manganese, as Sumner 
et d. (1938 b) find, its molecular wd^t would have to be some multiple of 240,000 
rather than 96,000 as they foimd centrifugally. 

It is clear therefore that analysis may shed much light on the chemical homo- 
gendty of products that seem homogeneous by phydcal measurements, for it gives 
an entirdy independent method for the determination of an integral fraction of the 
molecular weight. The phydcal determination of the molecular weight need only 
give a rough or, as in the case of osmotic pressure measurements, an average value 
for the substances present. 

IV. CRYSTALLESriry 

Of the various criteria of purity that are used and accepted in the study of large 
molecules crystallinity is the most misleading. Fortunatdy it is now becoming 
usual to speak of the uncertainly of crystallization as an index of protein purity, and 
the point, appreciated by some at the end of last century (e.g. Wichmann, 1899), ^ 
been maationed by several reviewers in recent numb^ of the Annual Reviea of 
Biochemtsiry. These same reviewers, however, betray by turns of pbrnsiTig the 
unmerited importance that they attach to the crystallinity of a preparation. No one 
can deny that crystalline preparations are more pleasant to handle, more beautiful, 
and in general contain fewer constituents than amorphous preparations, but it 
would be unwise to praise them more highly than that, for recent experience has 
shown that they are probably, rather than just posdbly, contaminated. Crystalline 
pi^arations of serum albumin' (Hewitt, 1936; Luetscher, 1939), trypsin (Dubra, 
^ 937 )* pepdn (Desreux & Herriott, 1939; Agren & Hammarsten, 1937 A), urease 
(Sumner et al. 1938 a) and catalase (i^ner, 1939) have all contained other proteins. 
In some cases these, having been recognized, have been removed, but the important 
&ct re m ains that preparations that seem homogeneous under the microsoope have 



Criteria of purity of large molecules 387 

contained as many as five components, some of which have even differed widely 
from the basic material in sedimentation constant, and that this contamination has 
had to be recognized by some technique other than recrystallization. Tomato bushy 
stunt virus preparations as active as any that have been prepared wiU crystallize 
when mixed with any proportion of the non-infective nucleoprotein (Bawden & 
Pirie, 193^ be made from it. Similarly, the microscopical appearance of 

the paracrystals of tobacco mosaic virus is unaffected by the presence of normal 
plant proteins, of other viruses of the tobacco mosaic type an d of large quantities 
of tobacco mosaic virus breakdown products (Bawden & Pirie, 1937 a). In any field 
of chemistry crystals may be contaminated with a fraction of i % of other material, 
but the protein crystals mentioned above may contain fliTwlar quantities of all 
of their components. When an author describes the preparation of a crystalline 
protein from a tissue he may well be understating the case if he only f^lnims to have 
crystallized one enzyme ; the preparation should not be referred to as crystals of the 
enzyme that is being looked for unless it has been shown to be free from most of the 
other enzymes that are known to occur in the tissue used. 

Properly speaking, the characteristic property of a crystal is the regular ordering 
of the constituent molecules and this is recognized primarily by the rational indices 
of its faces or by an X-ray study of the reflexion planes inside the crystal. When 
crystallinity is adduced as evidence of the purity of a substance all that has been 
observed in many cases is the presence of flattened surfaces. Until more is known 
about the forces that tend to produce flattened surfaces on a partide, it is unwise to 
attach too much importance to these facets. One does not, for example, look 
on the starch grains from Zostera marina or Gladiolus hyzantinus as purer than 
the more usual ^amorphous grains because it is generally believed that the regular 
facets, which Reichert (1913, 1919) photographed so beautifully and which some- 
times give the grains a regular dodecahedral appearance, are due to external 
pressure during the building up of the grain. Langmuir (1938) looks on a 
protein crystal as a more rigid form of a tactoid, the latter being a liquid 
droplet or coazervate which has taken on some degree of orientation, but neither 
he nor Razumovski (1939)1 who likewise has considered the crystallization of 
large molecules, gives any treatment of die mechanism of facet formatioiL It is 
well known to protein chemists and the point is illustrated in the photographs of 
haemocuprein published by Mann & Keilin (1938), that a preliminary to crystal- 
lization is often the separation of roxmded partides with the shape of the liquid 
droplets that Zocher &*Jacobsohn (1929) and Freundlich et al, (r933) have called 
tactoids. Either on standing or on recrystallization these tactoids may devdop 
facets. The importance of facets has been reiterated because e:q>erience shows that 
the readiness with which a conventional sdentist becomes convinced of the purity 
of a protein preparation depends more on the beauty of its crystalline appearance 
than on anything else. 

A crystalline preparation may be contaminated in three ways: by amorphous 
material; by crystals of other material; by being a mixed crystal or, to use van*t 
Hoff *s preferable nomendature, a solid solution. The first two are of less interest and 
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present fewer obstacles to further purification than the last. Solid solutions have 
received more attention from mineralogists and metallurgists than from organic 
chemists, and it is probably primarily for this reason that they are not recognized 
more often in protein chemistry. Jost (1937) has given a somewhat theoretical 
accoimt of the properties of solid solutions, and the subject was reviewed in a lively 
and personal manner by Bruni (i 925). It is reasonable to suppose that the individual 
members of the group of crystalHzable proteins contain in general fewer constituents 
than the individual members of the group of non-crystallizable proteins, and that 
the number of constituents is reduced by repeated crystallization. It must, however, 
be emphasized that repeated crystallization often caus^ protein denaturation or 
modification and that nothing will be ^ined by recrystallization unless it is certain 
that unwanted constituents are being removed in the mother liquor. Ten re- 
crystallizations have no bearing on a protein's purity if nothing has been removed by 
the last eight of them. 

Certain rules can be formulated which relate the sizes and charges on ions to 
their tendency to form mixed crystals in minerals. As Goldschmidt has phrased 
it (1937)* **tibe question arises as to the order of preference in which the 
different ions, being of suitable size, will enter into a crystal lattice : not all guests 
are equally welcome in a lattice, and the crystal in many cases a cho ice 
between them.” No principles similar to those of Mitscherlich in the inorganic 
field have yet been established governing the extension of "hospitality” by one 
protein crystal to another protein. Bonot (1937) concludes that for syncrystalliza- 
tion it is necessary to have identity of the thermo-elastic properti^ of proteins, but 
he presents no evidence that any proteins differ widely in this respect In view of 
the readiness vrith which some substances of similar chemical constitution form 
solid solutions with one another (cf. the work of Piper et d. (1931) on long-chain 
hydrocarbons and alcohols) the absence of mixed crystals in some groups of proteins 
is perhaps more surprising than their presence in others. The dissimilarily between 
the crystals of haemoglobin from different species, emphasized by Reichert & 
Brown (1909), is a wdl-knowu example of this phenomenon. 

It is difficult now to understand the prejudice which, ten years ago, 
against the idea of crystalhne enzymes or viruses, for it was thftti generally admitted 
not only that it was perfectly normal for proteins to take up the crystalline state but 
also that it was probable that enzymes either were proteins, or contained them. 
The possibility of cryst allizing en2yme preparations is now so generally acc^ted 
that there is a tendency to over-rate the purity of the early crystalline preparations. 
As an ex^ple urease may be dted, for Sumner's (1926) and Sumner & Hand's 
(1928) claim that it would crystallize did much to stimulate interest in the isolation 
of enz jmes and, as a natural consequence, of vinises. It is now knovm that the 
crystalhne pr^iarations that have so far been prepared contain several components 
(Sumner et d. 1938 «). It is probable that one of these components is actually 
ure^ md that it also would crystallise if separated from the others, but the 
distinction between the early crystalhne preparations txntdning urease an d a 
ctystaUine preparation of urease should be innintaini^ 
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V. EVIDENCE FROM ULTRACENTRIFUGATION 

The fact that a preparation gives a single sharp boundary in the nltracentrifuge 
is a point of great importance, but four considerations must be borne in mind before 
it is used in the assessment of purity. In the first place a glance at the photographs 
published by different workers shows that they attach widely different meanings to 
the word sharp. This is especially true when the light absorption method rather 
than a refractive index method of measurement is used (for a description of the 
different methods of measurement see Svedberg & Pedersen (1940) and Philpot 
(1938)). Even when the boundary is sharp this may not mwn uniformity of 
particle size if the particles are greatly elon^ted, as in the case of the methyl 
celluloses and some plant virus preparations, for, as Signer & Tavel (1938) have 
shown, particles that differ in length may not differ appreciably in segmentation 
constant. Furthermore, a single boundary will naturally be given by a preparation 
that contains an amoxmt of another component too small to be detectable by the 
method of measurement used. If the contaminant has the refractive index and 
intensity of absorption characteristic of proteins this amount noay be as large as 5 %. 

In the second place it is to be expected in theory and it is observed in practice 
(e.g. Graldn, 1939; Rabat, 1939) that the rate of sedimentation of a protein will 
increase as the solution is diluted. This will tend to produce a spurious sharpening 
of the boimdaiy because the slowest moving particles will lag behind and will 
therefore tend to travel in the most dilute solution. This is an effect that will be 
most noticeable with large molecules, for the spreading of the boundary by diffusion 
is then slight. A spurious sharpness will also be introduced if the protein is centri- 
fuged in the absence of electrolytes of low molecular weight 

The third consideration has a different fprm according to whether the position 
of the boundary is ascertained by measuring variations in the refractive index along 
the fluid column or by measuring its opacity to visible or ultra-violet light In the 
first case very inhomogeneous contaminants will be detected with difEcuIty, in the 
second case transparent contaminants such as polysaccharides will not be detected 
at all, and in both cases contaminants of small molecular weight may be missed. 
Philpot (1939) has corrected for the first of these possibilities of error by comparing 
the rejEracdve index increment observed over the whole tube with that which would 
be expected if all the material in the solution had the same sedimentation constant. 
Some information about the contamination of a preparation with ultra-violet lig^t- 
absorbing material can be got from a comparison of die opacity of the fluid firom 
which the main component has been centri&ged with that of the air bubble at the 
inside end of the c^ or with that of a cell full of buffer solution (Wyckoff, 
1938). 

The fourth difficulty in the interpretation of ultracentrifugal evidence of 
homogeneity is in many respects the most serious. Svedberg has painted out in 
many papers that there is a tendency for protmns to have molecular wdi^ts that 
are multiples of 17,600, and this generalization has been restated by Bergmann & 
Niemann (1937) in the form that a protein molecule contains multiples of 144 
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amino-acid residues. These generalizadons have not met with umversal acceptance, 
but it is at least dear from the tables giving the molecular weights of all the proteins 
for which reasonably accurate molecular weight measurements have been made 
(e.g. Svedberg, 1939) that there is a grouping roimd the values that are demanded 
by the hypotheses. This regularity robs centrifugal homogeneity of some of its 
significance as an index of protein purity, for it means that a large number of 
proteins in an extract may be covered by a much smaller number of molecular 
weights. If, therefore, a protein that has been isolated from a tissue appears to be 
centrifiigally homogeneous with a sedimentation constant corresponding to the 
common 35,200 or 70,400 molecular weight groups, it becomes reasonable to wonder 
whether it may not be a mixture of several different proteins with nearly the same 
molecular weights. It is well known that proteins exist, both naturally and as a 
result of changes that have taken place during manipulation, with intermediate 
molecular weights. The regularity is not therefore a necessity and, if the hypotheses 
referred to above should turn out to be justified, it is at least as Ukely that the 
tendency of amino-adds to appear in groups of a gross is due to a uniformity io 
the enzymes that are concerned in the making of proteins, as that the tendency is 
due to some physical requirement for stability. 

Similar regularities have not been recognized among the sedimentation constants 
of polysaccharides and related substances, but the number of observations that 
have been made in this field, e.g. Svedberg & 6ral6n on plant gums (1938), Siebert 
et al. (1938) on tuberculin polysaccharide, Beckmann & Landis (1939 a, b) on 
amylose, and Philpot (1939) on the specific substance from Brucella melitensist is 
too small for this absence of regularity to have any significance. 


VI. EVIDENCE FROM ELECTROPHORETIC MEASUREMENTS 

Electrophoretic measurements in Tisdius’s (1937, 1938) elegant apparatus will 
detect differences between proteios, e.g. the serum globulins and the haemoglobins, 
of similar molecular weight, and these measurements offer one of the most reliable 
criteria that can be applied. Longsworth and Maclnnes (1939, 1940) have con- 
sidered in detail some anomalies in electrophoretic measurements on proteins that 
have a mechanioil or physico-chemical origin. There are however other anomalies 
due to superficial resemblances between individual proteins. Landsteiner et al. 
(1938) have, however, found that the egg albumins from closely related birds, 
eug. chicken, guinea-hen and turkey, have such similar mobilities that, although 
th^ are serologically distinguishable they are not electrophoretically separable. 
As these authom also point out, it is to be expected that protems of similar type 
should have similar mobilities if we accept Block’s (1934) generalization that 
proteins of a similar type contain certain amino-acids, especially the basic amino- 
adds, in the same proportions. Mobility in an electric field, unlike serological 
spedfidly, ciystalline form and perhaps also solubility, presumably depends on 
'the luouber of add and basic groups in a protein more than on their spatial 
distribution on its surface. Tisdius & Kabat (1939) have found that there is a 
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characteristic mobility for the antibodies that an animal makes, although the 
work of Moore et al. (1939) suggests that this mobility is not necessarily constant 
in all individuals of the species at all times. It is, however, well known that 
an an i m al can contain antibodies to different antigens simultaneously, and Land- 
steiner & van der Scheer (1936, 1938) have shown that the antibody complex 
made in response to a single antigen may be a mixture of several serologically 
distinguishable antibodies. It is dear therefore that there exist between proteins 
serological differences that are not at present perceptible by electrophoretic 
measurements. 

VII. EVIDENCE FROM THE PARTITION OF THE SUBSTANCE 
BETWEEN DIFFERENT PHASES 

The possibility that a molecule of the type that we are discussing may be 
volatile need not be taken very seriously, for cldms like that of Olsen & Yasaki (1923) 
that it is possible to distil a bacteriop^ge have not found general acceptance. The 
only equilibria therefore that come up for consideration are those between solids, 
between liquids and between solids and liquids, and of these the first need not be 
discussed on account of the slowness with which it would be attained. 

Most of the methods used in the fractionation of mixtures containing proteins 
and polysaccharides, e.g. precipitation with salts, adds, solvents or, more recently, 
co-ordination compounds (Michael, 1939), involve equilibria between solids and 
liquids, and it is on the judidous control of conditions such as temperature and the 
concentration of the reagents that the spedffdty of these methods depend. When 
the fractionation has been completed similar agents can be used to assess the purity 
of the product. Cohn (1921) has pointed out that the solubility of a protein imder 
defined conditions should be constant and independent of the amount of protein 
present in the solid phase. This was found to be true of carefully purified samples 
of serum globulin equilibrated with successive quantities of water. Similar methods 
have been used by many other workers both as indices of purity and as a means of 
finding whether proteins of different origin are identical or not For example, 
Landsteiner & Heidelberger (1923) found that oxyhaemoglobins from the horse 
and donkey were not appreciably soluble in solutions saturated with the other, and 
that they are hardly dis^gmshable serologically although they are distinguishable 
crystallographically (Reich^ & Brown, 1909; Loeb, 19x7)' On the other hand, 
Northrop (1933) foimd that pepsins from the ox and pig dissolved independently. 
Steinhardt (1939), using a technique similar fo that of Cohn (1921), found that 
pepsin did not apparent^ obey the Phase Rule, but the interpretation of his results 
is rendered diflScult by Desreux & Heniott’s (1939) demonstration that, even when 
derived from one gnimnl species, pepsin is not a sin^e substance and that the 
individual components do ob^ the Phase Rule. Northrop & Ejimts (193®) have 
published a theoretical treatment of the solubility curves that arc to be expected 
with solid phases that are mixtures, solid solutions and pure substances, and they 
(Kunitz & Northrop, X938) have used these rdationships in a consideration of the 
purity of chymotrypsinogen and chymotrypain. This treatment was extended by 
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Kunitz (1938), who has studied in detail the conditions under which chymotrypsin 
and its proteolytically active hydrolysis products form solid solutions or crystal 
mixtures; the formation of solid solutions here is interesting, for the molecular 
weights of the constituents range from 40,000 to 27,000. 

Northrop & Kunitz, in the papers quoted, have pointed out the possibilities of 
error which exist when this criterion of purity is used, and it is clear that, although 
valuable information about a product can be got from solubility measurements, the 
absence of valid rules governing the formation of solid solutions among proteins 
makes the method fallible ; similar points have been made by Steinhardt (1938) in a 
discussion of proteins in general and pepsin in particular. As has already been stated, 
the processes used in protein purification often consist in the separation of the 
crude material into fractions with similar solubilities in salt solutions. It is essential 
therefore that solubility measurements, if , they are used as evidence of purity 
rather than as evidence that a certain type of fractionation has been carried to its 
useful limit, should be made with different salt solutions and at different values 
from those used in the fractionation. 

The use of a system of two immiscible liquids in fractionation has great advan- 
tages, both from a theoretical point of view and practically, because of the con- 
venience of handling liquids and the rapidity with which repeated fractionations 
can be earned out. These advantages have been thoroughly exploited, both for the 
separation of small molecules (e.g. Cornish el al. 1934; Synge, 1939) and as criteria 
of purity with liquids (Jones, 1923, 1929). The technique is more difficult to apply 
whm the molecules t^t are being separated from one another are large, for, as 
Bronsted has dearly shown (1931, 1938), they tend to partition very unevenly and 
to occur almost exdusively dther in one phase or the olher. Laland & Klem (1936) 
have used immisdble phenol and wat^ mixtures in the concentration of the per- 
nidous anaemia factor and Greene & Black (1937) and Warburg & Christian (1938) 
have used substituted phenols and water or salt solutions in the purification of 
ribofiavine and of the prosthetic group of the amino-add oxidase; these substances 
cannot, however, properly be induded in our category of “large molecules*’. 

A useful list of solubilities of large molecules in various organic solvents has 
been published by Morgan (1937), but comparativdy litde use has been made of 
such systems in the fractionalion, as opposed to the preliminary extraction, of 
proteins and polysaccharides. The separation of liquid layers has often been noticed 
dining fractionations, e.g. with the polysacchride of type II pneumococcus (Hddd- 
bfeiger & Avery, 1924), with protamines (Ko^, 1898) and with the product of 
partial hydrolysis of Brucella meltensis (Miles & Pirie, 1939 d), but the property 
has sddom been used either for rigorous purification or for characterization. 

Bawden & Pirie (1937 ^z) observed the separation of immiscible layers, one of 
whida was liquid crystalline, from preparations of three strains of tobacco mosaic 
virus that had been subjected to purification procediures that cause a^r^tion, and 
they used the limiting diluticHi at which the liquid crystalline layer would separate at 
room temperature as an index of purity. Similar layers separated in preparatians of 
two cucumber viruses and two strains of potato virus (Bawden & I^e, 1937^, 



Criteria of purity of large molecules 393 

1938 a). When the infectivities and immunological activities of the materials in 
these two layers were compared it was found that they were identical if the prepara- 
tion of tobacco mosaic virus had been purified by ultracentrifugation, whereas with 
cruder preparations the lower layer was more active serologically, though not 
necessarily more infective, than the upper one. The concentration of the liquid 
crystalline layer when at equilibrium with the upper layer and the difference in 
concentration between it and the upper layer was found to depend on the purity of 
the preparation; each was increased by the presence of impurities, so that, as 
fractionation proceeded, the difference in concentration and so in specific gravity 
became so sTnaii that separation became slow and the recognition of the existence of 
two phases difficult It appears therefore that there is a limit at which the two phases 
cannot co-exist except in the presence of a third component that is unevenly 
partitioned between the phases and that the separation of two phases, tiseful 
initially as an index of purity, might be used later as evidence for the presence of 
a contaminant. These relationships suggest the possibility of anal3iris in terms of the 
Phase Rule, but until the theory of the nature of the forces that are concerned in 
tactoid formation, for the liquid crystalline layer is itself formed by the coalescence 
of tactoids (Langmuir, 1938), is more clearly understood this would be unprofitable. 

In other studies on the equilibria between phases it is wdfl known that different 
impurities have markedly different effects on the partitioning. These differences are 
well illustrated by the layers formed by plant-virus preparations. Small quantities 
of salts do not effect the separation of layers in this case, although Langmuir (1938) 
has foimd that they inhabit tactoid formation in the analogous cases of vanadium 
pentoxide and benzopurpurin. The contaminants that most feffectively impeded 
layer formation were found to be the breakdown products of the virus whether made 
by hpyiting or by drying. By comparison other strains of virus and virus which 
had been rendered non-infective although still serologically active (by treatment 
vrith ultra-violet light for example) were rdatively inert. It is dear, therefore, that 
differences that are serologically or phytopathologically significant may have com- 
paratively litde effect on the separation of phases. This condusion is not necessary 
incompatible with the Phase Rule, for, althou^ from this point of view the addition 
of another component to a two-phase S3^tem must add one to the number of degrees 
of freedom, it is reasonable to assume that the addition of partides of identical cross- 
section (Bawden et dl. 1936) would have only a very small effect on a ta^id. 
Freundlich et oZ. (1933) have found, however, that independent tactoids, i.e. a 
three-phase system, are formed when the tactoid-fbrming materials are very 
dissimilar. 

VIII. EVIDENCE FROM SPECIFIC SEROLOGICAL REACTIONS 
It has already been pointed out that serological evidence enables us to 
criminate between substances that seem to be identical by the other tests applied. 
This method of discrimination can only be used if the substances are prepared from 
ind^endent sources so that cross-precipitations can be carried out. Anaphylactic 
and precipitin reactions can also give valuable information when the nature eff a 
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possible impurity is suspected, even wbai only one type of preparation of the 
substance that is being isolated is available. 

A bacterial antigen may contain materials derived fronj the culture medium on 
which the bacterium was grown, and it may be contaminated with materials which 
have been added for various reasons during the purification. When these substances 
are of small molecular weight little difficulty is esperienced in their removal, for 
it is effected by the ordinary methods of purification such as dialysis. With reagents 
of larger molecular weight this is less simple. Delafield & Smith’s (1939) demonstra- 
tion that some properties which were supposed to be those of the specific substance 
of Sabnonella aertrycke were, in fact, due to constituents of the trjpsin preparation 
used in the fractionation is a case in point. Similarly, the agar which is apt to 
contaminate bacterial polysaccharides when the bacteria have been grown on agar has 
caused considerable confusion (cf. Sordelli & Meyer, 1931a, h\ & Medina, 

1933) ; Morgan (1936) has stressed the value of anti-agar antisera in testing products 
of fids type. With virus preparations the danger is from other viruses and from 
normal plant or aniTnal proteins; the former are automatically tested for if the 
infecdvity of the final product is measured on the same species as that from which 
the preparation was made. Chester (1936, 1937) has used the anaphylactic response 
for demonstrating the presence of norW proteins in cmde plant-virus preparations. 
In the same way the inhibition of an enzyme action by an antiserum, made by the 
injection of a preparation of the same enzyme derived from a different animal or 
p^t species, would be good evidence for the identity of the two substances. 

IX. EVIDENCE FROM MEASUREMENTS OF ACTIVITY AND OF 
PRECIPITATION OR INFECTION END-POINTS 

The types of evidence so far discussed have been criticized in terms of the 
d^ree of (Merence between the components of a mixture that is significant or that 
is large enou^ to be detectable by the measurements that are being made. The 
validity of the evidence now to be considered depends on theoretical considerations. 

There are several difficulties in the use of measurements of enzymic activity, 
pharmacological activity, serum precipitation end-point or infecdvity as an index 
of the purity of a preparadon. In the first place it is common experience that many 
preparadons become less stable when th^ have been highly purified ; in such cases 
substances, generally looked upon as contaminants, are necessary for full activity. 
If these normal stabilizing materials could be replaced by other substances, prefer- 
ably of known composition as in the stabilizing of enzymes or antibodies by glycerol 
or sucrose, it could be concluded that they were inessential and were therefore 
contaminants. In the same way if the prosthetic group of an enzyme is readily 
dissociable the distmction between a prosthetic group and a co-enzyme becomes 
uncertain (cf. Warburg, 1938; Dixon & Zerfb, 1940). Such an enzyme can only 
show full activity if the concentration of some other substances in the environment 
is maintained at a suitably hi^ level 

The changes which a substance suffers in the course of manipulation generally 
lead to a decrease in its activity, but, as has already been pointed out, activity may 
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be increased. Agren & Hammarsten (1937 a), for example, claim that they can split 
off ten out of the forty or fifty amino-acids in the apparently homogeneous protein 
secretin without any loss of activity. This process, which results in the same activity 
being manifested by a smaller weight of material, should, by this criterion, be looked 
on as a purification, although the final product is chemically different from the 
starting material. 

In theory it should be possible to argue about the purity of an enzyme prepara- 
tion from data on the reaction velocity, ihe collision frequency between enzyme and 
substrate molecules in solution and the length of the chain, if a chain reaction is 
being catalysed. It is apparent, however, from the papers of Haldane (1931) and 
Moelwyn-Hughes (1937), to take only two examples, that the underlying iheory 
is still too nebulous to be of value in ttiM connexion, and that measurements of 
reaction velocity can only be used for ascertaining whether products from different 
sources may be identical. 

Within a group of substances with similar properties and particle weights, 
e.g. the specific soluble substance^ of bacteria or the plant or animal viruses, 
valuable evidence on the course of the purification can be got from comparisons of 
the serum precipitation end-points at different stages. The final value attained is 
also of significance, for a survey of the published results shows that most highly 
purified products have given end-points of 1,000,000 to 10,000,000. A simple limit 
is set to the serum precipitation end-pcnnt of a pure antigen by the fact that a 
precipitate is likely to be invisible under the ordinary conditions of testing if it 
weig^ less than tbW lirr depending on its refractive index and texture. 
The weight of antigen that is needed to give this weight of precipitate will depend 
on the insolubility of the antigen: antibody complex, that is, on its tendenty to 
segregate into a few large flakes rather than into a large number of particles that 
are individually too small to see. It will also depend on the amount of antibody that 
is precipitated by a given amount of antigen and on the co-precipitation of other 
components of the system. The last is an important factor where unstable systems 
such as plant sap are concerned but is naturally less important with purified 
preparations. Hooker & Boyd (1937) and Boyd and Hooker (1934) have studied 
the ratio of antigen to antibody in the precipitate for various ratios of antigen radius 
to antibody radius, and they find that the results agree to within the rather wide 
limits of experimental error with the hypothesis that the antigen is covered with a 
layer of antibody one molecule thick. TTie equation has been simplified by How 
(1939) who, using ball bearings, has also compared the calculated figures with those 
found experimentally. The relevance of these observations will become uncertain 
if Kabat’s (1939) observations on the elongation of antibody particle are confirmed; 
arguments from first principles will become even more difficult in cases where both 
antigen and antibody are highly anisodimeosional. It is however dear that smaller 
partides predpitate a larger proportion of antibody and should therefore give higher 
end-points than large partides. *1^6 antigen fromBruce/ZafnslnfeflRr can existin several 
states erf aggregation with weights varying from o*i Mh. to about 50 Mh. and it has 
been found by Miles & Pirie (1939 oc, to illustrate this phenomenon, Disaggre- 
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gation, which is accompanied by the loss of 5-10 % of material only, causes a 
tenfold increase in the precipitation end-point. 

The influence of the texture of the precipitate on the visibility of a small amount 
of precipitate has been discussed by Bawden & Pirie (1938 b). Preparations of 
tomato bushy stunt virus appear from the work of McFarlaae & Kekwick (1938) to 
be as homogeneous as any other protein preparations that have been made and they 
are certainly more homogeneous than the other plant virus preparations that have 
been studied. Nevertheless, the serum precipitation end-point was never greater 
than 1 ; lo*, whereas tobacco mosaic virus preparations precipitate at i : 10’, potato 
virus “JP” preparations at 1*7:10’ and even potato virus “F” preparations for 
which no claims of purity have been advanced (Bawden & Pirie, 1939), precipitate at 
I :io®. The bushy stunt precipitate, unlike those given by the other virus prepara- 
tions mentioned, resembles the somatic or *‘0” t3rpe of agglutination observed 
with Salmonella bacteria, that is, it packs into compact heavy particles that are more 
difficult to see than the loose, flocculent particles formed during the “H” agglu- 
tination of flagellated bacteria. This effect of the character of a serum precipitate 
on its visibility is presumably responsible for the fact that many plant virus pre- 
parations precipitate at considerably higher end-points than those predicted, from 
apparently valid premises, by Merrill (1936). 

With infective preparations the end-points give us the weight of material that 
is needed to cause a lesion or infection. There are three factors involved in this 
weight; the weight of the constituent particles, the purity (that is the proportion 
of these particles that is infective) and the number of infective particles needed to 
cause whatever response is being observed. If the second two factors are disre- 
garded these measurements give a maximum value for the particle weight ; Schramm 
( 1939) has found by this method that Myxomatosis virus weighs 430 Mh. 

When the infective particles are visible, i.e. with bacteria, the number needed 
to cause infection is easily ascertainable and it is seldom found that one will suffice. 
The position is complicated by the enhandng effect which certain substances, not- 
ably mucin, have on the virulence of several organisms. The effects found by 
Nungester et oL (1932) with pneumococci and 8trq)tococci were relatively slight, 
but Miller (1935) and Anderson & Oag (1939) have found larger effects with the 
meningococcus, while Rake (1935) and Henderson & Morgan (1938) could reduce by 
a factor of 10® or 10® the number of typhoid bacilli in the infective dose by suspending 
the organisms in mudn. The increase in the infectivity of plant virus preparations 
that can be brought about by adding substances su<ffi as carborundum powder (Baw- 
den, 193b) to the infective fluid is not a cximparable phenomenon. In the one case 
the mu^ probably protects the bacterium against the lethal mechaniama of the host 
tissue; in the other the powder apparently inerfeases the number of points of entry 
of the virus into the plant tissue. With many plant virus pr^arations, e.g. potato 
**X** (Loring, 1938 ; Bawden &Pirie, 1938a) and potato “ 7” (Bawden ficPirie, 1939) 
the process of purification is accompanied fay a loss of infectivily which* is not 
padded by the loss in serum precipitation end-point It is possible that part of 
this loss 18 due to the separation from the virus of substances acting in a twgnnfff 
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analogous to mucin in the cases quoted. The importance of these observations lies 
in the possibility that such an activating substance may be inadvertentlv added to 
a preparation during the purification, by treatment with an enzyme preparation for 
example, and that its e nh a n ci n g effect may then be miatalfftn for a removal of inert 
material. 

The possibility of getting a i : i relationship between infective particles 
lesions will depend on the methods of infection used. Where, as with plant viruses, 
these are crude, an enormous wastage of material is to be expected and this is 
confirmed by the apparent need for io®-io® particles to cause one lesion (cf. 
ShefiSeld, 1939). In the statistical treatment of the effect of virus dilution on number 
of lesions that Youden et al. (1935) have published a factor representing the maxi- 
mum number of lesions obtainable on a leaf is introduced to cover this wastage, and it 
is this mainly that invalidates Robbins's (1934) somewhat depressing conclusion that 
600,000 tons of tobacco sap would be needed to get o-i g. of tobacco mosaic virus. 
In studies on the bacterioplu^es and on animfll viruses this difficulty is to a large 
extent overcome, although, as Sprunt (1939) has found with vaccinia, there may ^ 
wastage of virus if the volumes used for inoculation are too large. Several statistical 
treatments of the relationship between the number of particles required to cause an 
infection and the variations in the percentage of infections caused by doses of 
different size have been made along the lines elaborated by Holvarson & Ziegler 
(1933). Feemster & Wells (1933) and Parker (1938), using a bacteriophage and 
three strains of vaccinia virus, have shown that deductions from the hypothesis of 
effective infection by one particle give the best fit vnth the observed results. From 
the chemical standpoint it is more important to ^ow the proportion of particles 
that is infective rather than the number of infective particles needed to cause a 
lesion, and these conclusions naturally shed no li^t on this question. Smadel et al. 
(1939), using values for the weight of a vaccinia elementary body derived from 
measurements of the sedimentation constant made by Pickels & Smadel (1938)? 
concluded' that between 2*4 and 9*2 partides caused a lesion on the skin of a rabbit. 
In both these papers the possibility of aggregation is recognized. McFarlane et al. 
(1939) and Hopwood et al. (1939) have shown that ultrasonic or mechanical 
emulsification of dried or flocculated vaccinia virus causes an mcrease in its infecti- 
vity and they showed by microscopical examination that preparations treated in 
this way resembled fresh preparations closely. Similar effects of aggr^tion have 
been observed with a staphylococcus bacteriophage, for Northrop (1938) finds that 
the particle can vary in weight from 0-5 to 300 Mh. Kalmanson & Bronfenbrenner 
(1939) produce evidence that a coli bacteriophage has an even smaller minimum 
partide weight, but that in the natural state it 4 s absorbed on to bacterial detritus 
of variable size. 

If an infective agent can exist m several states of a^;regation it is obvious t^t the 
activity will depend on the state aggregation. Such an effect has b<^ postulated 
by Bawden & Pirie (1937/?) for tobacco mosaic virus, and it offers a possible 
e^iplanation of the activating effect of X-rays that Kausdie & Stubbe (x 93 ^) found 
with this virus. Similarly, the absence of an increase in infectivity is, as Bawden 
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(1939) and Stanley & Lauffer (1939) have pointed out, the best evidence that 
tobacco mosaic virus is not turned into a form with infective particles weighing only 
O’ I Mh. by exposure to concentrated urea solutions as Frampton & Saum (1939) 
have claimed. In the sgTnft way any substance in a preparation which increases or 
Himinishfts the tendency of a virus to aggregate will affect its mfectivity, and the 
removal or addition of such a substance might be interpreted as a destruction or 
purification of the virus. 

X. CONCLUSIONS 

The conclusion drawn from this survey is that “purity” is a concept that has 
no meaning except with reference to the methods and assumptions used in studying 
the substances that are being discussed. The question “ Is this pure?” is as meaning- 
less over a large region of experience as the question “Is this alive?” is over an 
adjacent region. This point of view has been presented, partly by design and 
partly of necessity, in an unphilosophical manner in the hope that other “sooty 
empirics” (Boyle, 1680, p. 24) may be saved time searching the literature when it 
becomes necessary to make some positive statements about a product. It is prob- 
able that the question could also be approached profitably from a philosophical 
standpoint, and it is obvious that the apparent antithesis between a pure substance 
and a mixture of flimilar substances fits easily into the “dialectical materialist” 
^tem (cf. Haldane, 1938), but it is unlikely that an approach along these lines 
would be of immediate use to the workers in this field. 

In a previous essay (Pirie, 1937) undor the title “The meaninglessness of the 
terms * life’ and ‘ living’ ”, some similar comments were made on nomenclature in a 
case where words in apparent antithesis merge their meanings smoothly with one 
another through a large zone of imcertainly, and it was contended that in this case 
the concepts themselves were at fault. The approach in the present review has been 
from the standpoint of the deficiencies of the criteria rather than the inadequacy 
or fluidity of the concept, for the concept is likely to continue to be used even 
although invalid. This usage will be altered, and it may become more reasonable 
to criticize the concept, as more investigations are carried out on the substances 
lying in the region of uncertainty. A few antitheses have been evaded or resolved by 
an arbitrary definition. This solution, however, is possible only in cases where the 
antagonism involves one or a few paramet^ as in the distinction between molecules 
and particles. 

An acceptance of the fundamental position tixat purity is a property of a substance 

logy used in describing preparations. A mean must be struck between pedantry 
and over-statement, and it would perhaps be pedantic to insert qualifications when 
speaking of such products as insulin. With other products, such as plant viruses, 
caution is fully justified. In this review and in previous publications the phrase 
** virus preparations” has been used, and this seems to express the element of doubt 
that is present better than the often-used phrase “virus proteins”, which is either 
redundant or over-predae. A properly guarded statement caimot afterwards be 
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simply described as right or wrong. At worst the writer can only be accused of 
having conveyed a false impression and not of having made a misstatement. At best 
he can afterwards claim credit for his safeguarded statement only in so far that any 
hypothesis compatible with the facts is creditable if it is both plausible and useful. 
It is therefore important to avoid praising " courage” as if it 'were a scientific virtue 
when too often what is called courage would be better described as “ over-confidence 
in the making of unproved statements” ; the fact that these statements sometimes, 
by accident, turn out to be correct is irrelevant. This excursion into scientific ethics 
as opposed to methodology and terminology is perhaps justifiable when we consider 
how much acrimony develops over polemics and how much space is taken up by 
claims of priority in scientific journals. 


XI. SUMMARY 

The limits, in weight and chemical stability, of the group of substances referred 
to as large molecules are discussed and the range is arbitrarily taken as firom 
particles unresolvable by the microscope to those with molecular weight 5000. 
A unit of molecular weight is proposed and its advantages are discussed in cases 
where the nature of the bonds holding a particle together is uncertain. 

Four distinct meanings that can be carried by the word pure are described, and 
examples are given of each type of purity. 

The types of observation generally made and presented as evidence that a 
substance is pure are considered under seven headings. Chemical analysis and 
oystallinity are the least reliable, and specific serological tests can only show 
die absence of contaminants whose presence is suspected. The measurement of 
end-points, whether by serum precipitation or infection, is subject to several errors 
and can at best only.indicate whether or not the major constituent of a preparation 
may be serologically active or infective. 

Electrophoresis, ultracentrifugation and studies based on the principles of the 
Phase Rule, i.e. solubility and partition measurements, give the most reliable 
evidence of purity at present available. Several reasons are given for thinking that 
even these methods may be fallible. 
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I. INTRODUCTION 

Regeneration of a structure is essentially an embryonic process which involves 
the reorganization of a group of cells into a new form. However, whereas in typical 
embryonic development the sperm acts the mitial stmmlus, in regeneration, 
cutting or otherwise exposing a group of cells to the action of the environment 
serves as the initial stimulus. After the stimulus has been applied, the response of 
the tissue varies according to a number of well-established f^ors. It is these two 
major problems of regeneration, (i) the nature of the stimulus, and (z) the factors 
governing the response of the tissues, which form the subjects of this review. For 
the sake of simplicity and uniformity only regeneration in the hydroids or closely 
related forms will be considered. 

IL THE NATURE OF TflE STIMULUS FOR REGENERATION 

The cutting of a hydroid stem has long served as a stimulus for the regeneration 
of a hydranth, but the exact nature of this stimulus was not known. Cutting 
o£P a part does two things: first, it releases the cells at the cut surface horn the 
physical and chemical influences of the part removed, and secondly, it creates a 
new external environment for these cells. This new enviromnent may invcdve a 
number of factors, (i) Some ceUs at the cut surface may be injured, giving rise to 
*Vound hpimon^” which might stimulate growth and drffiarentiatiQa* (2) The 



4o6 L. G. Barth 

exposed cells are able to lose substances more readily, possibly inhibitory substances 
which, prevent regeneration. (3) The exposed cells are in direct contact with the 
oxygen in the medium. (4) They are exposed to the direct action of salts in solution. 

The removal of the hydranth in Ttibularia is not in itself suflB.cient to cause 
regeneration, since if a ligature is tied through the stem after cutting off the hy- 
dranth, regeneration is inhibited. Evidently the perisarc blocks some factor that is 
necessary for regeneration, and the tissue must be exposed directly to sea water. 

Sea water is not the necessary factor, however, since Morgan (1903) showed 
that cut ends of Ttibtilaria placed in sand in sea water could not regenerate. Barth 
(1938 a) found that a glass capillary placed over the cut end would inhibit regenera- 
tion. These experiments indicate that interference with the free circulation of sea 
water around ^e cut surface stops the process of regeneration. This interference 
might be with the conveyance of materials from the cut surface or with the convey- 
ance of oxygen to the surface. 

That oxygen is an important factor is shown by experiments of Torrey (1912), 
Miller (1937) and Barth (1937, 1938 «)• Miller found that when one end of the stem 
was ba^ed with ox3^n in sea water and the other end with boiled sea water, the 
hydranth formed at the end in contact with oxygen. Further experiments showed 
t^t circulating sea water stimulated more hydranths than did standing sea water. 
Finally, the stimulating effect of circulating sea water was not simply due to 
agitation and removal of carbon dioxide, because experiments in which nitrogen 
was bubbled through sea water showed complete inhibition. Circulating sea water 
is not necessary for regeneration, however, as regeneration may be very rapid in 
standing sea water when the oxygen tension is high (Table I). 


Table I. ^ect of varying oxygen tensions on the rate of regeneration of Tubularia 


Exp. 7; x8o young steins, 5-7 mm. in length. 



Length of 

Time for 

Rate of 

Oxygen 

hydranth 

pnmordium 

regeneration 

c.c./iitre 

piimotdium (/t) 

formation (hr.) 

Gength/time) 

a -4 

3-a 

1072 

12^ 

36" I 

28'I 

*9*7 

45-7 


1370 

26*8 

Si'3 

4-8 

1365 

26*3 

§2-0 

§•2 ' 

1640 

34’S 

07*0 

11*3 

1809 

24'6 

71-8 

ifS 

1840 

24-1 

7S-S 

„ «-5 

1846 

23-7 

77-0 

Control m open 

1370 

* 26*2 

52-2 

dish 



The experiments of Barth (1937, 1938a) explain the above results on the basis 
of varying oxygen tension at the cut surface. First of all the rate of regeneration is 
direcdy dependent upon the oxygen tension (Table I). Secondly, when the oxygen 
tension is less than about i c.c. per litre the process of regeneration is stopj^, 
although the stems remain aHve and will regenerate if return^ to normal sea water. 
Since hydranths do not develop at a cut surface when the perisarc is tied over the 
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surface it is reasonable to suppose that the perisarc interferes with the circulation of 
oxygen to the cut surface just as the glass tube does. If this is true, then a removal 
of the perisarc might allow regeneration by bringing the tissues in direct contact 
with the oxygen of sea water. 

Child (1927 a, 1929a) showed that hydranths could develop from the side of the 
stem of Corymorpha through injury of the stem and removal of the dominant 
apical hydranth. Zwilling (1939) was able to demonstrate that in Tidtularia ex- 
posure of the stem without cutting was sufficient to start regeneration. By simply 
cutting out a piece of the perisarc from the middle of the stem the exposed tissue 
will form two hydranths, one on each side of the opening. Since no cut is 
through the stem the two hydranths remain connected by their oral ends. Here it 
is clear that the stimulus is not one of cutting or injuring the tissue, but simply 
exposing the uncut stem to sea water. This can only mean that either some inhibi- 
tory substance escapes from the free surface or that an increased supply of oxygen 
stimulates. That an inhibitory substance escapes is unlikely from Miller’s (1937) 
experiments, where at one end oxygen was bubbled through the sea water while at 
the other end nitrogen was used. At both ends a vigorous circulation was set up, 
removing any inhibitory substances, yet only at the oxj^en-treated end dM re- 
generation take place. 

Yet it might be argued that both the removal of inhibitory substances and the 
presence of a sufficiently high oxygen tension were necessary for regeneration. 
Recent experiments show definitely that it is oxygen alone that is responsible for 
the initial stimulus for regeneration in Tubularia. Tying off both ends of the stem, 
Rose (1940) injected oxygen gas into the coelenteron and the stem began to re- 
generate. In some stems regeneration occurred at the distal end, even though the 
perisarc was tied over the end. This end would be expected to regenerate since, if 
all of the stem is exposed to high oxygen tensions, the distal end having the greatest 
capacity for regeneration will become dominant Other cases are even more 
significant. When the injected oxygen breaks up into a number of small bubbles a 
region of r^eneration is set up about ^xh bubble, and if the stem is cut at these 
regions a hydranth forms in a short time. 

Since in the above case there was no exit for the escape of inhibitory substances, 
the sole factor .stimulating regeneration was the introduction of oxygen into the 
system. We have then the interesting situation that any part of the stem will form 
a hydranth if the oxygen supply is increased sufficiently. There is no need to 
postulate wound hormones or inhibitory substances. Cells will .organize into a 
hydranth in relation to an incoming supply of oxygen with the oral end of the 
hydranth at the highest oxygen tension, as seen by the position of the oral ends 
of two hydranths in Zwilling’s experiment quoted above. 

A further extension of the role of oxygen is found in the experiments of Child 
(1928) dealing with the reorganization of aggregates of dissociated cells of Cory- 
morpha. After grinding the stems in sand an^ filtering, the cells were collected in 
an amorphous aggregate. These, if left undisturbed, form hydranths from the upper 
closed surface while stolons form at the attached surface. 
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Likewise, Child (19276) found that short steins in which polarity was obliterated 
by means of alcohol and other inhibiting agents formed hydranths on the upper 
surface. When returned to normal sea water as many as five hydranths might 
form from one stem. Child suggested a “difference in respiratory exchange” 
as the factor determining the new polarity. It seems clear that the higher oxygen 
tension at the exposed surface is responsible for the development of the hydianth 
just as in the case of the aggregates.of dissociated cells. 

The m a nn er in which oxygen acts is suggested by experiments in which the 
oxygen tension of sea water is varied and the oxygen consumption measured along 
with rate of regeneration (Barth, 1938^, 1940). It was found that as the oxygen 
tension was raised above that of sea water an increase in oxygen consumption of 
the stem resulted with an accompanying inarease in rate of regeneration. When the 
oxygen tension was decreased the oxygoi consumption fell off and rate of regenera- 
tion fell to zero. 

The suggested mechanism for the formation of a hydranth from a given region 
of the stem is outlined as follows. The tissue of the stem will net form a hydrmth 
withih the perisarc because the oxygen supply is low, the oxygen consumption 
being too low for the proems of regeneration. Any treatment that will increase the 
rate of oxygen consumption, such as removing the perisarc, or injecting oxygen gas, 
or even shaking vigorously (Barth, 1940), will start regeneration. The parts of the 
hydranth form in relation to the increased oxygen supply with the oral end at the 
highest oxygen tension. 

The e^eriments of Goetsch (1929) can be explained by this Tnarhantam, This 
invest^tor showed that the stem of Cordyhphora would grow inside a glass tube 
until it came to the opening where it would differentiate into a hydranth. Likewise, 
in Permaruiy when the cut ends of the stem were aU sealed, a hydranth would 
differentiate at an artificial opening made in the perisarc. 

The experiments of Child (1927a, 1929a) in Corymorpha require some ad- 
ditional explanation. In this form, which has most of its stem free of perisarc, it 
might be asked why regeneration does not occur all over the surface.- Here the 
factor of dom inan ce of the distal hydranth or distal regenerating end prevents the 
formation of a hydranth unless an extensive injury is made. We must gfiaiimf* then 
that the injury>m some way sets up a region of high enough oxygen consumption to 
compete with the distal end of the stem. This could occur by the exposure of a 
greater surfrne to oxygen by the cut or by the stimulating effect of injured cell 
products on the respiratory mechanism, in view of the fact that cutting is not 
necessary in Tubulariaj but only the increased availability of oxygen, the former 
eq)lanation is the more likely one. ^ 

1 

IIL THE RESPONSE OF THE TISSUE TO THE STIMULUS 

Fuat of all, it is well estabhshed that any group of cells, if large enough, 
organizes itself into a hydranth. The experiments of Child (1928) on Corymorpha 
^ow that a mixture of cells produced by grinding the stems with aand will form a 
hydranth and stolon if left undisturbed. Similar esqiertmenis have been reported 
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by Issajew (1926) and Weimer (1934) on Hydra, and Beadle & Booth (1938) on 
Cordylophora and Ohelia. Further, the early workers showed that sections of the 
stem at any level would regenerate. Still more significant is the fact that a hydranth 
can form at both the distal (apical) and the proximal (basal) ends of a segment. 
Thus there can be no question of predetermined regions destined to form any 
particular structure or of a fixed polarity of the stem. The determination of a 
hydranth takes place by the interaction of several factors. 
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Fig. I. Graded rates of regeneration and dominance of the distal regenerant of Tubidaruu 

a. Rate of regeneration falls off from distal to more prozinial levels of stem (Barth, 19386). 
Numbers give rates of regeneration in fi'/hr. x lo*. These rates are inherent in the stem and have 
not been i^uenced by dominance, whidi is blocked by a ligature; variatiana in rate are assumed to 
be caused by variations in concentration of some catalyst. 

h,e,d,e. Typical response of varying length of st^. Shortest stems (6) are bipolar, ihen complete 
dominance (e) of distal end, and partial dorninance {d, e) as stem increases in length. (Cf. Table IL) 
f,g. Method of measuring dominance of distal r^enerant. Tnf distal end is ligatured and re- 
generant inhibited, so that proximal *end regenerates independently (absolute rates (a). Table II). 
In g distal end regenerates, and prmrimal end is retarded in devekqpment or completely prevented 
from regenerating according to length of stem (ndattve rates (r), Table II). Dominance ip measured 
as percentage returdatioa in rate of xegeneraticr^ and varies from about 7 to 100 % (Barth, 19386). 


(i) Regional d^erences along the stem 

The first of these factors is the physiological gradient in. the stem as exhibited 
by the graded rates of r^eneration at various levels of the stem. These regional 
difiEereuces were pointed out by Driesch (1899), Child (i 9 ® 7 ) otiiers. Recently, 
Bartih (19386) has shown how the rate of r^eneration varies with, level of stem 
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(2) Dominance in regeneraiion 

The second factor affecting regeneration of the hydranth is physiological 
dominance (Child, 19294). In tie first place the distal hydranth exerts dominance 
over the stem so that a proximal cut end will not form a new hydranth unless the 
Hiatal hydr ant h is removed (Watanabc (1935) in Corymorphei). Likewise, Child 
(1932) found a reduction in the number of hydranths stimulated by cutting and by 
transplantation when the Hia tal hydranth was present. Dominance also controls 
lateral budding (Child, 19296). A second form of dominance is that exerted by a 
distal cut end over a proximal end of any isolated segment of the stem. (See Child 
(19296) for general dkcussion and earlier investigations.) Fig. i 6, c, dy e shows the 
situation in Ttibularia^ This dominance has recently been measured (Barth, 1938 
by comparing the rates of regeneration of the proximal end with and without the 
presence of a regenerating distal end. The distal end is prevented from regenerating 
by means of a ligature (Fig. if). Table II shows the percentage dominance exerted 
by the distal regenerating end over the proximal end of various stems. In general, 
the shorter the stem the greater is the inhibiting effect. However, even in very long 
stems there is some inhibition. 

Table II. Comparison of relative and absolute rates of r^eneraiion of Tubularia. 

Zy, relative, absolute rate of regeneration of distal end; P‘, P, relative and absolute rates of 

P—P 

proximal end in |x*/hr, x lo*. Dominance =—^3 — x 100 (see Fig. i /, g). 


Exp. 

No. stems 

Length 

mm* 

P 

H 

P 

P 

Dominauce 

% 

A 

6 whole stems 

5 

45*5 

0 

_ 


100 

B 

14 distal halves 

rs 

40*5 

0 

38-6 


zoo 

C 

Z4 ptxxcimal halves 

7-5 

23-4 

3-9 

34-9 

15-1 

74 

D 

10 diotwl thirdu 

10 

53*7 

10*7 

57*0 

3 S '9 

70 

E 

10 middle thirds 

10 

36-1 

4‘4 

26*0 

Z 3 *o 

66 

F 

10 prmriTnal thirds 

10 

19*1 

0 

37*0 

8>6 

100 

G 

10 distal halves 

13 

86'7 

417 

90*5 

53*0 

33 

H 

10 proximal halves 

13 

41*4 

17-9 

53*0 

3 |;S 

38 

I 

10 whole sterna 

IS 

07*0 

I 3’6 

63-0 

36*8 

54 

J 

10 whole stems 

15 

46-7 

i8-8 

40-4 

30*4 


K 

zo whole stems 

30 

49*5 

Z9'0 

51-3 

38'9 


L 

zowh^ stems 

as 

105*5 

39-0 

zoS-o 

47*4 


M 

10 whole stems 

as 

7 a-S 

27.9 

66-8 

34*0 



(3) Sine and regeneration 

Selecting stems of Tubularia of the same size and isolating from them sections 
of varying length, it is found that the larger the stem the larger the regenerant 
(Hyman, 1926; Child, 1931; Barth, 19386). 

(4) The mechamm of dominance 

Two views concerning the general phenomenon of dominance have been 
suggested by various investigators. One of them is that dominance is a factor that 
is transmitted through cells, while the other view utilizes the transport of substances. 
These views arc discussed in general by Child (19296). 
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With specific reference to the hydroids, the transmissive theory been 
supported by Hyman (1920), Child & Hyman (1926), Hyman & Bellamy (1922), 
and especially Lund (1922, 19^5) ObeUa. The evidence is based on a corrdation 
between the electrical differences in potMitkl and the inhibiting effect of externally 
applied currents. The argument is that if an electrical difference of potential is set 
up between a regenerating region D and some other region of the stem jP, the 
current flowing may be great enough to inhibit regeneration at the region P. 

Barth (i 934 ^> found variability in both the potential differences in various 
hydroids and also in the inhibiting effects of an externally applied current. A 
correlation between the two phenomena was found, but its significance in explaining 
dominance was questioned. Recently, Burr & Hammett (1939) have again made a 
preliminary survey of the potential differences in Ohelia. 

The fact that organisms show patterns of electrical differences in potential is 
not in itself any evidence that these potentials have anything to do with the develop- 
ment of this pattern. Indeed, it is unthinkable that the stem of a hydroid, with its 
cells containing electrolytes and having semi-permeable membranes, would not 
show electrical differences in potential. And further, since the cells do not form a 
homogeneous system, it follows that there must be some sort of pattern formed by 
these potential differences. Then, too, it is impossible to conceive of any living 
system which would not be affected by passing an electric current through it. 
Therefore these two phenomena are merely necessary results of the organization of 
any living system, and their existence is not in any way significant to the problem pf 
dominance. 

These two phenomena must be causally related in order to use them to explain 
the patterns formed by growth and differentiation. Thus far it has not been de- 
monstrated that the growing or differentiating hydranth sets up a potential difference 
which would cause a flow of current of suffident magnitude and for such a length 
of time as to inhibit regeneration at other levels of the stem. 

The view that dommance is exerted through transport of substances has 
received some support recently by Barth (19386). It was found that certain pheno- 
mena could be explained on the basis that the two cut ends of a stem competed for 
materials circulating in the stem. The two ends of stems were isolated by ligatures 
as in Fig. 2 a, c, e, and the rates of regeneration (initial rates) were conq»ared with 
the relative rates in stems in which the two ends were competing with each other, as 
in Fig. 2 6, ti', /. With ligatures, the ends of the stem are cut off from the circulation 
in the rest of the stem, while without the ligatures the ends are able to use any 
substances in circulation. As Fig. zuy b shows, in long stems the relative rates of 
regeneration (without ligature), increase proportionally to the initial rates (with 
ligature) , indicating a simple partition of substances supplied by the middle of the stem. 

As the stem is madd shorter (Fig. 2 c, d), so that there is less substance available, 
the relative rate of regeneration of tibe distal end begins to increase at the expense of 
the proximal end, so that in very short pieces without a ligature no r^mieration 
takes place at the proximal end (Fig. ze^f), 1 

If substances are circulating in the stem and are used by the process of r^^enera- 
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Fig. a. Competition of the prozmial and distal regenerants in Tubularia. The numbers give rates of 
regeneration m p^fht, x zo*. 

a^h. Long stems, a. Prozttnal and distal ends isolated from middle of stem, compared witix 
£, where prasdmal and distal ends compete. Both ends mcrease in rate in b, indicating a partition of 
substances of the stem between the ends. 

e,d. Meihum length, as above; distal end increases while ptosimal decreases, 
e,/. Short stems, as above; distal end increases; proximal completely inhibited. 
gf h. D omin a no e blodted by oil (m g) injected into coelenteron thus stopping drculation. Rate 
of proximal end of stem increases firmn 4*6 (A) to aa-S (g), showing that distal end no longer 
in fl uen c es rate of regeneration when circulation between these two regions is stopped. 



Fig. 3 * Sc hema of competition for and partition of hypothetical substances (S) by and proxiinal 
en^of the stem of Tubutaria. Ejj and corycenttations of some synthetic &ctor (presumably 
enayznea) whkh controls the rate of regeneration at tiie dintnl and proximal ends; Ej}>Ep, This 
fac tor v aries in concentration along the stem according to the rates of regeneration (Fig. z a). S, 
substanees neoenaxy for hydranth formation whichi are present in the coeoosarc «»nd also in t he 
csculsting medium of tiie codentsicon. H, converted substances which bring about hydranth 
fe rm s tio o. osTgen. 
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tion at the ends, then stopping the circulation ought to isolate the two ends so that 
they would regenerate independently of one another. Blocking of the circulation by 
means of injection of a droplet of oil into the coelenteron showed that dominance 
was blocked and the proximal end regenerates independently (Fig. 2^, A). 

The theory of dominance as a competition of two (or more) regions for available 
substances for regeneration is shown diagrammatically in Fig. 3. S represents the 
substances involved in the formation of a hydranth, S-^H^ and is present within 
the cells and circulates in the coelenteron. Ej^ and Ej, represent concentrations of 
a synthetic factor in the protoplasm (presumably enzymes) which convert iS into H 
during the process of regeneration. Differences in concentrations of E account for 
the regional differences in regeneration as observed in Fig. la. Oxygen is regarded as 
the external stimulus necessary for differentiation and is arbitrarily entered with E. 

When S is large, as in long stems, it is converted into H at boA ends according 
to the concentration of E. Thus a simple partition of S between the two ends takes 
place as the rates of regeneration in F^. 2 a, b indicate. As S becomes less, as in 
shorter stems, relatively more is taken up by the distal end as compared with 
proximal end because Ejj is present in greater concentration than Ep. In this way 
the concentration of /S' is lowered in the circulation and S is lost from the proximal 
end. Thus the rate of regeneration at the proximal end is decreased as in Fig. 2 c, d. 
Finally, when S is very small (Fig. 2 e, /), it is converted into H so rapidly by Ej^ that 
the concentration of S becomes lower than the minimum for regeneration at the 
proximal end. 

It will be seen that a fundamental assumption of this theory is that since Ej) is 
greater than Ep it is able to convert S into £1 at a lower concentration of S. 

A further application of this theory might be made to very short stems which 
produce bipolar forms with a whole or partial hydranth at each end (Fig. i A). This 
situation could be explained on the basis of Ep ^ Ep, therefore no competition and 
no dominance occurring. 

(5) Un^lying factors in the gradient of rates of regeneration along the stem 

Following the earlier work of Child (1926), which demonstrated gradients of 
susceptibility, of reduction of potassium permanganate, of the indophenol reaction, 
and of penetration along the stems of Corymorpha, further investigation by Watanabe 
(1935) and Child & Watanabe (1935) has shown a close correlation between the 
rate of reduction of methylene blue and the process of regeneration (Fig. 4). Using 
sections of the stem free of petisarc they found that when two regions of high rate 
of reduction of methylene blue were present at the two ends of the stem, both ends 
formed a hydranth. In some cases only the distal end showed the high rate of 
reduction of the dye, and correspondingly only the distal end formed a hydranth. 

Gradients in sulphydryl activity were revealed by Child & Hyman ( 1926 ) using 
the nitroprusside reaction in the stems of Corymorpha. Recently, Chapman ( 1937 ) 
and Hammett & Chapman ( 1938 ) have shovm localization of sulphydryl containing 
compounds and also of free amino adds at the regenerating tip of the stem and the 
hydranth of ObeUa. 
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The experiments can be criticized on. the basis that the differences in activity 
may be caused by the process of regeneration rather than that they precede this 
process. However, since the differences in these various activities are foimd in the 
resting stem, they cannot be caused by the process of regeneration but are character- 
istic of the physiological gradient in the stem. 

The nature of the gradients found along the stem suggests that they are respira- 
tory in nature. Actual respiratory differences in the stem were measured by H yman 
(1926) in Tubularuit Child & Hyman (1926) in Corymorpha, where differences in 
the rate of oxygen consumption were shown to exist in parts of the stem with the 
highest rate at the distal end. Since the measurements were begun at from 5 to 
21 hr. after cutting the stem, it is possible that the differences resulted from the 
regeneration process and were not present in the intact stem. 
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4 ' DiflFerential rate of reduction of methylene blue by die stem of Corymorpha (Watenabe, 1935 ; 
Qmd & Watanabe, 1935)* o,b,c,d. Rate of r^ucdon Inthe case of bipolar regeneration, two regions 
of high mte corresponding to two regions of regeneration, e, f. Single gradient in rate of reduction 
and single bydranth diflferentiating horn most active region. 

* 

This explanation is made unlikely by the experiments of Barth (1940) in which 
stems were sectioned and the oxygen consumption was measured continuously 
with the Warburg manometer, with the result that differences in oxygen consump- 
tion along the stem appeared as soon as i hr. after the parts were isolated. Further, 
these differences in oxygen uptake betwe^ the proximal and dista l segments are 
present in long stems in which the regenerant forms only a small part of the 
stem, and so could not possibty bring about the observed difference in oxygen 
consumption. We may take it as proven then that a gradient in the rate of oi^gen 
consumption exists in the resting stem with the greatest rate at the distal end. 

All of this work points to an underlying gradient in the concentration of sub- 
stances in the protoplasm concerned with rate of respiration, or a gradient in the 
concentration of active protoplasm itself. 

(6) Origin of the gradient 

Experiments of Child (1926) trace -this gradient back to very early stages in 
development where the apical end of the planula shovra a region of high activity as 
regards susceptibility and oxidation-reduction gradients. From other observations, 
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such as the position of the egg during its growth period, it is probable that the 
gradient arises during this early stage (Child, 1925). 

A gradient may originate in masses of cells formed by aggregation of dissotiated 
cells (Child, 1928), or new gradients can arise after the original one is obliterated 
(Chili iQzyii). The masses of cells, if allowed to remain in one position, form a 
hydranth from the upper surface, but if moved from time to time apolar or partial 
forms result having no polarity. It seems clear from the evidence in § II that 
oxygen stimulates the exposed region of the mass to the oxidative activity necessary 
for the process of regeneration. Then this region exerts dominance over surround- 
ing tissues, according to Fig. 3, by competition for some factor S. 

Beadle & Booth (1938) arenot in completeagreement withthe experiments of Child. 
Using pieces of the coenosarc which were united to form larger masses of 
tissue, they found hydranths might grow out from the side of the mass instead of 
the top. This result may be explained if we assume that in uniting the small pieces 
of the coenosarc some of the more active parts come to lie on the side of the mass 
and so would be most likely to form new hydranths. Both Issajew (1926) and 
Weimer (1934) show that in reuniting fragments of Hydra the dis^ fragments in 
the mgaa organize and form part of the new hydranth. Thus in these experiments 
there must be a balance between the local differences in the mass and the effect of 
oxygen on the mass as a whole. The experiments of Beadle & Booth, Weimer, and 
Issajew differ from those of Child in that the latter was dealing vsith very sm^ 
fragments, less than in diameter, which would form a homogeneous mixture in 
the aggregate or mass. The other investigators were using larger fragments which 
would form a mosaic and result in a heterogeneous aggregate or mass, where one 
part might be composed of very active cells and so give rise to the new hydranth. 
The whole question of the determination of new outgrowths could be settled by 
obtaining a homogeneous mass of ceUs and applying oxygen locally to these masses. 

(7) Experimented modification of the stem 

Whether or not an organizer may be said to act in regeneration depends on the 
interpretation of the organizer in the amphibian egg. Recently, there has been a 
tendency to consider the amphibian organizer as a stimuli which may rd^e 
something in the tissue which then brings about differentiation. Furth^ distinc- 
tions are being made between induction of a neural tube and the organizer which 
induces an embryonic axis. In some of the early work these two processes were 
confused. In the case of the hydroid stem investigations so far have been on the 
induction of a whole new axis, which is comparable only to the work on the induc- 
tion of secondary embryos by the living organizer. 

Child (1929^, 15(32) was able to induce a hydranth to form at any Iwel of the 
stem of Corymorpha by lacerating the stem and also by transplants of tis^e from 
various levels of the stem, especially distal levels. Since a distal transplant w^ 
more effective than a proximal one there was evidently some organizer action in the 
sense that a piece of tissue vras able to impose its activity upon aurro^ding 
tissues. Beadle Booth (1938) found that the oral cone of Cordyhphora induces a 
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hydranth when transplanted to a maas of tissue formed by the reunion of fragments 
of the stem. 

Similarly, the results of Issajew (1926) and Weimer (1934) reorganization 
of mass of Hydra tissue showed that the distal fragments in the mass determined 
where the hydranth formed. Thus it is wdl established that a distal fragment of the 
stem is able to induce hydranth formation and thus might be termed an organizer. 

The experiments of Zwilling (1939) on Tubularia show clearly that exposure of 
the tissue to sea water without cutting was suflBcient for the development of a 
hydranth on each side of the opening made in the perisarc. Here, as previously 
explained, the inhux of oxygen to the tissues caused them to become organized. 
Is oxygen therefore an organizer, or does it release an organizer in the tissue? 
Since oxygen not only stimulates hydranth formation but also controls the pattern 
of the hydranth, the oral end of each hydranth always forming at the region of 
highest oxygen supply, it is clear that oxygen is an organizer. , 

The question of what is the organizer in all the above cases is a futile one, since 
the process of organization undoubtedly entails a chain of chemical reactions, and 
it would be imwise to emphasize one part of the chain to the exclusion of others. 
Thus the organization of a hydranth begins with the physical process of cutting the 
perisarc, which in turn exposes the tissue to the oxygen dissolved in sea water. 
This oxygen next raises the oxygen consumption of the stem (Barth, 1940), and sets 
up a gradient in oxygen consumption for a short distance along the stem. Since 
oxygen diffuses in from a single opening and is used up as it diffuses, a gradient of 
oxygen tension must result, and so a gradient in oxygen consumption since we 
know that the o^^gen consumption of Tidndaria varies with oxygen tension. The 
hydranth then forms iq relation to this gradient of oxygen consumption and the 
chemical products of this gradient which are as yet completely unknown. 

From this discussion it is easy to see how various treatments might give the 
same results by acting on different parts of the chain of events. Implantation of a 
distal fragment which has a high oxygen consumption into the middle of the stem 
which has a lower oxygen consumption would result in a gradient. Likewise a 
cut, by exposiog a greater amount of surface to oxygen, would increase the oxygen 
available to eadi 0^, and the oxygen consumption would rise. Simply removing 
the perisarc in TubuUma accomplishes the same purpose. Other tissues and 
substance might act in the same way, but would have to be investigated indivi- 
dually. Not all tissues having a high rate ci oxygen consumption would necessarily 
stimulate a hydranth as some tissues having an initially high rate of oxygen con- 
sumption might by cutting and transplantation lose this property, or they might 
not umte properly with the tissues of the stem to which they are transplanted. 

With regard to possible action of chemical substances as organizers (Beadle & 
Booth, 1938), it does not follow that ail respiratory stimulants would so act. The 
respiratory mechanism is complex and various phases can be acted upon inde- 
pendently. Indeed, Torrey (1933) has already shown that dinitrophenol, a known 
respiratory stimulant, does not have an accelerating effect on regeneration in 
TiAuhna, Other substances, such as pyocyanioe, methylene blue, dimethyl- 
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pataphenylene diamine, sodium azide, iodocetic acid, should be tried by local 
application, so as to set up a gradient, and also on the stem as a whole, to study 
influence on rate of regeneration and rate of o 3 cygen consumptioA. 

(8) External factors modifying the process of regeneration 

Inhibition of regeneration. Child (1931) made a study of the effect of potassium 
cyanide on the size of hydranth primordia in Tubularia and showed a decrease in 
size with treatment. Hyman (1920) measured the time for regeneration in cyanide 
and foimd the process to be retarded. Child (19276), using a wide variety of toxic 
agents and anaesthetics, showed that hydranth formation could be inhibited 
without killing the stem. Recently, Beadle & Booth (1938) demonstrated that lack 
of calcium and magnesium ions suppressed the formation of a hydranth from 
noasses of coenosarc. Similarly sodium cyanide, phenylurethane and low tempera- 
ture inhibited. They foimd that even under these inhi biting conditions an oril cone 
implant would induce a hydranth. 

Inhibition and stimulation of regeneration. Hammett, in a series of experiments 
with collaborators, has divided the process of regeneration in Obelia into six major 
activities. These are: Initiation, Proliferation, Differentiation, Organization, 
Maintenance and Catsbolism, i.e. the breaking down of the hydranth and absorp- 
tion by circulation (Hammett & Schlumbei^, 1937). Some of these six processes 
have, in addition, several types. By studying the action of amino adds on these 
various processes Hammett was able to find spedfic differences between the actions 
of the various amino adds. Thus, whereas /-senne retards the process of initiatLon, 
it enhances the process of proliferation, differentiation and organization; /-aspartic 
add is more limited to favouring the process of differentiation; while (/-valine has 
no beneficial effect on the above processes but simply a retarding action on the 
formation of rudiments of hydranths and gonophores. Other amino adds show 
specific actions. (See Hammett & Toman (1939) for references to the individual 
papers on various amino adds.) 

The effect of other agents on regeneration of hydroids has not been extensively 
studied, and there is great need for a comprehensive study of the effects of tempera- 
ture (Moore, 1939), light (Loeb & Wasteneys, 1917), and other radiations (StreHn, 
1929 ; Zawarzen, 1929 ; Puckett, 191^5), and, in view of the condusions in this review, 
of agents which affect the reactions involved in respiration (Child,' 1931; Beadle 
& Booth, 1938; Torrey, 1933). 

(9) Origin of cells in r^eneration 

The old problem of the behaviour of germ layers during regeneration is as yet 
unsolved. All possibilities have been suggested, and the experiments give no 
finality. Thus the work of Kudmer (1934) Strelm (1929) and Zawarzen (1929) 
indicate that the interstitial cells form ectodermal and endodermal structures in 
Itydra, Th& work of Papenfuss (1934) and Roudabush (1933) and Beadle & 
Booth (1938) tend to show that the germ layers do not change during regeneration 
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but that ejrtensive cell migration may occur. More work will be needed, however, 
before conclusions can be drawn. 


IV. SUMMARY 

1. In the hydroids in general, and Tubularia and Corymorpha in particular, the 
stimulus for regeneration involves two factors: (i) removal of dominance exerted 
by either the fully formed hydranth or a regenerating hydranth, and (2) the presence 
of a gradient of oxygen at a localized region of the stem or a mass of cells isolated 
from the stem. 

2. Dominance, or the inhibitory effect of a regenerating region, can be explained 
either on the basis of electrical differences in potential which produce chemical 
inhibition, or as the competition of regions of the stem for hypothetical substances 
drculating in the stem and necessary for regeneration. As yet no single experiment 
has decided between these two explanations of dominance and both should be 
subjects for investigation. 

3. The regional differences in rate of regeneration are correlated with regional 
differences in the rate of oxygen consumption of the stem, and the rate of regenera- 
tion can be varied by varying the oxygen consumption of the stem. These regional 
differences in oxygen consumption are due to differences in the resting stem and 
are not caused by the regional differences in regeneration. 

4. Since the stimulus for regeneration can be traced to an oxygen gradient, 
which results in an oxygen consumption gradient in the tissues, there is little value 
in speaking of an organizer in hydranth formation. Any agent which will bring 
about the above conditions will be an organizer. It is, therefore, possible to speak 
of the following as organizers: (i) oxygen locally applied, (2) tissues that have a 
higher oxygen consumption than the surroundings, and, perhaps, (3) respiratory 
catalysts, when their effects are investigated. On the whole, it would be better to 
speak of the coenosarc as organizing itself in response to a stimulus. The manner 
in which the tissue responds by cell movements and change in form is, of course, 
entirely unknown. 
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The aim of tiiis review is to consider from three aspects (endocrine, nervous and 
biochemical) the present state of knowledge concerning the physiology of lactation, 
a branch of reproductive physiology which has undergone notable advances 
in recent years. It should be understood that by the term lactation is meant 
the sum total of the complex of phenomena which comprise roilTc formation 
and its ejection from the gland. In this sense, then, lactation comprises milk 
secretion together with the events associated with suckling and milking. It may be 
further added that since the mammary apparatus undergoes strikiDg changes 
during various stages in the life of the mammal, it is quite prpper that some con- 
sideration of the development of the mammary gland should find its place in a 
review on lactation. 


I. THE GROWTH OF THE MAMMARY GLAND 

Experimontal evidence has long been in existence (for summaiy see Turner, 
1932) which indicates that the development and secretory activity of the mammary 
gLmd is controlled chiefly by hormonal mechanisms, though, as will be seen later, 
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recent work indicates that nervous influeices are concerned in lactation to a greater 
degree than was formerly supposed. 


(i) The effect of oestrogens and progesterone. 

The earlier work on the experimental growth of the mammary gland will not 
be enlarged on here as it has been reviewed by Nelson (1936) and Turner (1939). 
In many species, oestrogen treatment promoted mammary duct growth only; in 
others, such as the rat and rabbit, a certain amount of alveolar development was also 
obtained. The guinea-pig was found to respond to oestrogen treatment with full 
mammary development. More recently the same has been shown to be true for the 
female goat by de Fremery (1938) and Folley et ai. (1940), though no mammary 
growth has yet been obtained in males. As regards the monkey, Gardner & van 
Wagenen (1938) are in agreement with previous claims (see Nelson, 1936) that 
oestrogen treatment will cause alveolar, as well as duct development in males and 
females, and indeed their results indicated that with long-continued treatment 
(30 weeks) complete development of the alveolar system would occur. Contrary 
results have however been obtained by Folley et d. (1939) who found no alveolar 
development in the mammae of male monkeys which had received oestrone for 
periods up to one year. The female mammary gland however was more responsive 
to oestrogen treatment and lobules of alveoli formed in some female glands. 

There is some evidence that the chemical nature of the oestrogenic substance 
used influences the type of mammary proliferation produced. Thus while Turner 
^ al. (1932) found no diflferences betwe^ oestrone and oestriol as regards their 
action on the mammary gland, oestrone benzoate has been observed to cause 
alveolar development in the mouse (Gardner et al. 1935). Burrows (1935) reports 
that equilin administration caused alveolar proliferation in the mammae of male 
mice. When the oestrogen dosage is high and the treatment prolonged, neoplasms 
are formed in the mammary gland of the mouse, particularly in cancer-susceptible 
strains (for references see Gardner, 1937), while high doses of oestrogen over short 
periods stimulate a stunted type of duct development (Gardner et al. 1936; Van 
Heuverswyn et al. 1939). Oestrogen dosage and age when administered were shown 
by Astwood et al. (1937) to influence the type of response of the mamnaaiy gland in 
the rat 

In most species it has been found that progesterone alone causes no mammary 
development, though complete development of duct and alveolar systems results 
from simultaneous treatment with oestrogens and progesterone. The tnalft mouse 
appears to be an exception, since Gardner & Hill (1936) reported duct growth in 
mice following treatment with progesterone. It is interesting in this connexion 

* Oestrogens is tiie general naine used in lius review in respect of oestrus-producing hormones. 
Certain naturally occurring oestrogena bdonging to the eteroid grcrvq) arc referred to here under 
their coounon chemical names oestrotte^ oesbradsd^ oestriol and egtdUn. Progesterosseie the progesta- 
tional hormone of the corpus^ luteuxn. An^vgens ate substances which promote growth of the 
accessory r^uoductlve organa in castrated males. TesUssterosie and cU-asidrotterotie are androgens 
which are found in the testis and malft urine rflq>ectivdy. 
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that Van Heuverswyn et al. (1939) found that the adrenal cortical hormone, desoxy- 
corticosterone, caused duct growth in the same species. It is well known that 
progesterone possesses adrenal-cortex hormone activity. The male goat also seems 
to be an exception to the above generaliration though in the opposite sense to the 
mouse. Ehtherto it has not been possible to stimulate mammary development in 
male goats even when progesterone is given in addition to oestrogen (Folley et d. 
194D). 

In concluding this section it is perhaps not out of place to remark that con- 
troversies as to whether or not oestrogens alone will cause alveolar development in 
males and ovariectomized females have lost most of their point since the isolation of 
progesterone from the adrenal cortex by Beall & Reichstein (1938). Alveolar 
development produced by oestrogen administration in males and spayed females 
may be due to the combined action of oestrogen and progesterone from the adrenal 
cortex. 


(2) The effect of andrt^ens. 

Certain observations (see Bottomley & Folley, 1938 for discussion) point to a 
relation between the testes and the mammary gland in the male; it is therefore not 
surprising that development of the mammary gland has been experimentally 
produced by administration of certain androgenic substances. Selye et al, (1936) 
were the first to show that in the rat, mammary development is stimulated by 
administration of testosterone benzoate. Similar results with uncombined testo- 
sterone were obtained by Astwood et d. (1937). Nelson & Gallagher (1936) 
found that the semi-synthetic androgens “androstendion’’ and ^'androstandioF* 
were active in the rat while androsterone was inactive. Bottoml^ & Folley (1938) 
studied the action of a series of androgens on the teat and mammary g^d of the 
yoimg male guinea-pig and concluded that the presence in the molecule of a double 
bond (A4 or A5) and at least one hydrosyl group (in the 3 or 17 position) was 
fevourable for teat-growth promotion. The most active substance studied was 
As-fronr-androstendiol, while Z^-androstendione, or-androstendiol, dihydro- 
testosterone and as-androsterone had very little activity. In these experiments 
relatively little duct and alveolar growth was observed even with Aj-frows-andro- 
stendiol. Androgenic stimulation of nipple growth in the guinea-pig has also been 
observed by Jadassohn et d, (1938). 

Van Heuverswyn et d. (X939) observed considerable mammary duct growth in 
mall* mice following androgenic stimulation. Testosterone and A^-androstendione 
were the most active, and ^-androsterone the least active of the androgens 
studied. 

The effect of androgens on the mammary gland of the ovariectomized virgin 
female rhesus monkey has been studied by van Wagenen & Folley (1939). Testo- 
sterone propionate, A5-frflns-dQhydroMoandro8terone, Ag-tron^-androstendiol and 
cis-androsterone all f^ed to stimulate duct growth, though testosterone propionate 
caused alveolar growth in glands containing pre-existing alveoli. TestMterone 
propionate, and to a lesser degree the other unsaturated memhera of the series, 
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also caused duct dilation, due to induction of secretory activity a phenomenon 
similar to that observed in the rat after testosterone propionate treatment by 
Reece & Mixner (1939). Testosterone and its propionate also cause an abnormal 
puckering of the mammary epithelium in the monkey (FoUey et al. 1939; van 
Wagenen & FoUey, 1939). 

(3) The ^ect of the anterior pituitary 

The question arises whether the ovarian hormones promote mammary growth 
by direct action on the mammary gland or whether their action is mediated by the 
pituitary. The results of Comer (1930), who observed mammary alveolar develop- 
ment (and lactation) in ovariectomized rabbits which had never ovulated, following 
injections of anterior lobe extracts, suggested that the pituitary might produce 
hormone capable of causing mammary growth. Unfortunately the results of 
experiments on the effect of ovarian hormones on the mammary glands in hypo- 
physectomized animflla have been conilictmg, so that the present position is 
difficult to assess. 

On the one hand, lack of mammary development after oestrogen treatment 
(in some cases in combination with progesterone) in hypophysectomized animals 
was reported in the rat by Reece et )zl. (1936), and in the mouse, cat, guinea-pig 
and ground squirrel {Tamias striatus) by Gomez & Turner (1937a). Further, 
McEuen et al, (1937) observed no mammary development in hypophysectomized 
rats foUowing testosterone treatment, though testosterone promotes development 
in the intact animal (see above). In the hypophysectomized guinea-pig, it is 
interesting to note, oestrogen promoted nipple growth (Gomez & Turner, 1936 a, 
1937a,' Lyons & Pencharz, 1936), indicating that the mechanism of nipple growth 
is distinct from that governing the growth of the mammary ducts and alveoli. 
Lyons & Pencharz (1936) observed some duct and alveolar development in 
oestrogen-treated hypophysectomized guinea-pigs but much less than in controls. 

On the other hand, oestrogens (sometimes with progesterone) have been 
reported to promote mammary growth after hypophysectomy in the rat by Ruinen 
(1932) and Freud & de Jongh (1^35), guinea-pig by Nelson (1935 a), rabbit by 
Asdell & Seidenstein (1935) (see also AsdeU et al. 1936) and dog by Houssay 

(19354 

The need for care in ensuring complete hypophysectomy is emphasized by the 
work of Gomez, Turner, Gardner & UiU (1937), wlm foimd that though oestrogens 
stimulated no mammary development in completely hypophysectomized mice, 
development occurred if evMi micros(X)pic pituitary fragments remained in the 
seUae. It may be noted, however, that Asddl et al. (1936) based their conclusions 
on four rabbits which had been completely hypophysectomized as judged by 
microscopic examination of serial sections of the scUm. 

Gomez, Turner & Reece (1937) (see also Gomez & Turner, 1937®) to 
have obtained positive evidence that the path by which ovarian hormones stimulate 
growth of the m a mma ry ducts and alveoli is indirect and indeed by way of the 
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pituitary, since mammary development "was stimulated in completely hypophy- 
sectomized castrated guinea-pigs by daily implantation of pituitaries from donor 
rats which had been injected with oestrogens, while implantation of pituitaries 
from control rats had no such effect. 

Later, Gomez & Turner (1938) claimed to have obtained further evidence for 
the existence of a pituitary “mammogenic” hormone, because extracts of anterior 
lobes from cows killed in pregnancy, when the blood oestrogen is high, stimulated 
manomary growth in rabbits and rats, material from non-pregnant cows proving 
inactive. The “mammogenic” hormone is reported to be soluble in fat solvents 
(Lewis & Turner, 1938) and a method for its assay, using male mice, has been 
developed (Lewis et al. 1939). Reece & Leonard (1939) support the existence of a 
pituitary “mammogenic” factor, since they also observed manjmary growth in 
hypophysectomized rats which received daily implants of pituitaries from oestrogen 
treated “donors”. Pituitaries from imtreated “donors” were equally effective in 
hypophysectomized rats, be it noted. 

Nelson (193 8) was unable to obtain evidence of the existence of a “mammogenic” 
hormone since he found that implants of pituitaries from normal rats were equally, 
if not more, effective than those of oestrogen-treated “donors” in growing the 
mammae of hypophysectomized recipients. Later (1939 fl), he found that pituitaries 
from oestrogen-treated “donors” caused no mammary growth in female rats or 
male mice. Astwood et al. (1937) confirmed the lack of effect of oestrogens on the 
mammary gland in hypophysectomized rats, but showed that this might be due to 
the lowered plane of nutrition following hypophysectomy. Nathanson et al. (i 939 )» 
who observed partial mammary growth in hypophysectomized rats given oestrogen 
together with anterior lobe extracts, also conader that nutrition is an important 
factor, but believe that oestrogen may need some co-operation from the pituitary in 
promoting mammary growth. Ndson & Tobin (1936-7) observed the m a mm ary 
growth-promoting action of oestrogen in hypophysectomized rats receiving in 
addition crude pituitary extracts, but opposite results were reported by Sdye & 
CoUip (1936). Lewis & Turner (1939) explain this by assuming that the anterior 
lobe extracts used by Nelson & Tobin contained “mammogenic” hormone while 

those of Selye & CoUip did not. • 

Gomez & Turner (1937^*) are inclined to exclude the alternative po^bility 
that mammary development is due to the synergistic action of ovarian and pitui^ 
hormones, since the administration of ovarian hormones to hypophysectomized 
rats and guinea-pigs in combination with various pituitary preparations Med to 
stimulate mammary growth (but see Nathanson et dL 1939 )* 

In view of the demonstration by Van Heuverswyn et al. (1939) mammary 
growth-promoting action of an adrenal cortex hormone in the male mouse, the 
possibility that the effects ascribed to an anterior lobe “mammogemc” hormone 
might be due to a substance which stimulates the adrenal cortex must be contidered. 
In any event, f>imTgh the work of Turner and his school is of the greatest interest 
and may open up an entirdly new fidd, wider confirmation is desirable before die 
existence of pituitary hormones which stimulate m a mm ary growth can he accepted. 


BBXV 
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II. ENDOCRINE FACTORS IN LACTATION 
(i) The role of the anterior pituitary in lactation 

An impressive array of experimental evidence has accumulated within recent 
years indicating that the anterior pituitary plays a major role in mi lk secretion. In 
numerous species it has been shown that hypophysectomy during pregnancy will 
prevent normal lactation, even though live young are bom. S im i lar ly, hypophy- 
sectomy performed during lactation invariably causes complete and rapid cessation 
of Tnillr secretion. Many experiments in support of these statements are quoted by 
Ndson (1936), Folley (1938a) and Turner (1939)* In many cases, parturition in 
hypophysectomized animalR appears to be followed by milk secretion for a short 
time (see Penchaiz & Lyons, 1934 for the guinea-pig and Selye et d. 1933 a, b for 
the rat and mouse). 

Further, it has been foimd that certain experimental procedures which normally 
bring about lactation in animals with intact pituitaries do not so result in hypophy- 
sectomized animals. Thus neither surgical removal of all foetuses from the rat in 
late pregnancy (CoUip et d. 1933), nor removal from the non-pregnant rat of the 
ovaries intensely luteinized by injections of chorionic gonadotrophin (Selye et d. 
1933 £) ^^tilt in lactation if the pituitary is simultaneously removed. Similarly, 
Nion (1935 a) found that removal of ovarian grafts from male guinea-pigs whi^ 
have carried them for some time, or cessation of a course of injections of oestrone 
in the male or female guinea-pig, was not followed by lactation in h3^phy8ecto- 
mized animals, though such treatment does produce lactation in animals with 
intact pituitaries. Similar results with male guinea-pigs were reported by Lyons & 
Pencharz (1936). 

The experiments just considered unanimously point to the existence of a 
hormone or hormones of the pituitary, essmtial for the initiation and maintenance 
of lactation. Positive evidence of the existence of such hormones in the anterior 
pituitary was first obtained by Strieker & Grueter in 1928, who found that injection 
of aqueous anterior pituitary extracts into ovariectomized pseudo-pregnant rabbits 
initiated lactation. The ability of sudi extracts to mitiate lactation in glands 
presumably possessing a certain amount of >alveolar development was quickly 
confirmed in experiments on a variety of species (for citations see reviews by 
Nelson, 1936; Folley, 1938 a; and Turner, 1939). 

The existence of a specific anterior lobe lactogenic hormone is almost universally 
accepted at the present time and various names for it have been proposed, the most 
well known being prolactin (Riddle), galactin (Turner) and mammotropin (Lyons). 
The first is used here as it has been generally adopted in thia country. 

The most widely used methods of assay of the potency of preparatipns of 
prolactin are based on the interesting observation of Riddle et d. (1933) that 
anterior pituitary extracts which are lactogenic will also cause growth of ^e crop 
glands in the pigeon. Systemic assay methods involving intramuscular or sub- 
cutaneous injections and detenninations crop-gland wei^ts have been described 
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by Riddle et al. (1933), Dyer (1936) and Rowlands (1937). McShan & Turner 
(1936) described a systemic minimal stimulation method, while Lyons (1937a) has 
devised a minimal stimulation method in which injections are made intradermally 
over the crop and by which very small amounts of prolactin can be detected. The 
use for assay purposes of the lactogenic response in the mam-mfll , while for obvious 
reasons much more desirable, is fraught with greater difficulties, though Gardner 
& Turner (1933) proposed a method of assay based on the initiation of milk secretion 
in the pseudo-pregnant rabbit, and Nelson {1934) has advocated the use for this 
purpose of the guinea-pig hysterectomised during pregnancy. Methods of assay of 
prolactin have been discussed by Bates (1937), Lyons (19376), and Riddle & Bates 

(1939)- 

Since there is no rigid proof that the substance which causes growth of the 
pigeon crop does possess lactogenic properties because no pure preparation of the 
crop-stimulating factor has yet been made, it seems desirable to use the name 
prolactin in respect of crop-stimulating activity only, without prejudice to the 
question whether or not all prolactin preparations have the power of sti mul a t i n g 
the production of normal milk in mammals. 

Considerable progress has been made in obtaining prolactin preparations 
which are largely free from other anterior lobe hormones. For this purpose Bates & 
Riddle (1935) recommend extraction of anterior lobe tissue with 70% alcohol at 
pH 9--10 followed by precipitation at pH 6. Subsequent repeated re-solution at 
pH 9 followed by precipitation at pH 3-4 removes practically all gonadotrophic 
and th3rrotrophic hormones. Other procedures for obtaining potent prolactin 
preparations have been described by L^ns & Catchpole (1933 fl) and McShan & 
Turner (1935). Lyons (1937 fl) has developed a method of preparation involving 
extraction with add acetone which, he claims, allows of a reasonably good separation 
of the crop-stimulating activity from the anterior pituitary adrenotrophic factor. 

Comparatively little is known at preset about the chemical nature of prolactin 
though ffie loss of activity on proteolysis (Bates et al. 1934 > McShan & French, 
1937), its solubility properties (see Riddle & Bates, 1939) and the preparation of an 
anti-prolactin serum'(Young, 1938 a) would indicate that it is a protein. Its activity 
appears to depend on the presence in the molecule of free a m i n o groups since 
inactivation follows acetylation with ketene (Li, Simpson & Evans, 1939)’ treatment 
with nitrous add (Li, Lyons, Simpson & Evans, 1939) treatment with phenyl 
isocyanate (Bottomley & Foll^, 1940). The announcement by Wffite et ed. (1937) 
of the preparation of a crystalline protdn possessing crop-a timulating activity is of 
great interest, and confirmation of thk together with reports on the chenucal and 
physiological properties of this substance, which may prove to be the first anterior 
pituitary hormone to be isolated in the crystalline condition, are awaited. One such 
report (Shipley et al. 1939) indicates that solutions of “crystalline” prolactin are 
electrophoretically homogenous as arc solutions of Lyons prolactin (li, Lyons & 
Evans, 1939). 

The anterior lobe of the pituitary is the chief source of prolactmi. It appears to 
be mainly produced by the eosinophils (Azimov & Al tm a n , 193^)* The prolactm 
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content of the anterior pituitary in cattle of both sexes and various ages has been 
studied by Bates et d. (1935) and of the pituitary in various species by Reece & 
Turner (1937a). Prolactin has also been detected in the urine of lactating women 
(Lyons & Page, 1935), babies secreting “witches’ milk” (Lyons, 1937c) and 
normal human males (Lyons, 19376) and in the blood serum of mares (Leblond, 

1937)- 

Whether or not administration of anterior lobe extracts containing prolactin to 
hypophysectomized animals will initiate and maintain lactation in circumstances 
under which lactation would proceed in the intact animal is a point of great 
importance. The experimental evidence bearing upon this has until recently been 
somewhat conflicting. Removal of the pituitary disturbs a number of endocrine 
relationships, the normal functioning of many if not all of which is necessary for 
the maintenance of lactation (see below). It is, therrfore, not surprising that 
partially purified anterior lobe extracts may fail to evoke lactation in hypophy- 
sectomized animals, although they are potent as regards the initiation and main- 
tenance of lactation in intact animals possessing the necessary degree of mammary 
development. 

The experiments of McPhail on the cat (19353) and ferret (19356), of Houssay 
(193s Lyons et d, (1933) on the dog, and of Riddle et d. (1933) on the rat, 

indicated that relatively crude extracta of anterior lobe (in the latter case a partially 
purified preparation of prolactin VTas used) wiU initiate and support lactation in the 
hypophysectomized animal possessing the requisite mammary development. On 
the other hand, Sdlye et d. (1934) could not maintain lactation in hypophysectomized 
rats with daily implants of pituitaries, nor could Nelson (1936) nrinintgin lactation 
in rats after hypophysectomy, by injection either of crude anterior lobe extracts or 
of purified prolactin preparations. It is probable that these somewhat conflicting 
results were due to diflFerences in the hormone content of the extracts used. 

Evidence which supports this explanation has since come to hand. Nelson & 
Gaunt (1936) found that while crude ant«ior lobe extracts would initiate lactation 
in guinea-pigs which had been prepared for lactation by treatment with oestrogenic 
hormones and hypoph3r8ectomized just before the injections were begun, partially 
purified prolactin preparations had no such effect. Similar results were reported by 
Gomez & Turner (19366), who found that partially purified prolactin would not 
ini^te, re- in iti at e, or prevent the cessation of lactation in hypophysectomized 
guinea-pigs. These find i ng s indicated that the failure of the partially purified 
prolactin preparations to initiate lactation in the hypophysectomized animal was 
due to the loss of one or more anterior pituitary hormones during purification. 
AdrMial insufficiency, due to absence of the adrenotrophic hormone from the 
purified prolactin preparations, rather than hypothyroidis^ due to the loss of the 
thyrotrophic horaone, seemed to be the cause of the failure of such preparations 
to support lactation, because: (a) administration of thyroxine together with prolactin 
failed to initiate lactation in the hypophysectomized animul (CJomez & Turner, 
(6) Nelson & Gaunt (1936) and Gkimez & Turner (1936a, 1937a) 
found that lactation was ini t ia t ed in hypophysectomized ATiimnlft if adrenocortical 
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ejctract was administered together with the purified prolactin. Gomez & Turner 
(1937a, b) further showed that lactation could be re-initiated, and under favourable 
conditions maintained, in hypophysectomized guinea-pigs by administration of 
purified prolactin and glucose together with a preparation of adrenotrophic hormone 
(see also Nelson & Gaunt, 1937 a, i, who obtained similar results). 

The failure of partially purified crop-stimulating extracts to evoke or maintain 
lactation in the hypophysectomized animal may be dted in support of the view 
which has been put forward by Folley & Young (1938, 1939) that the crop- 
stimulating hormone (prolactin) is not the sole “lactogenic” hormone produced by 
the anterior pituitary. 

In proceeding to the consideration of the effect on established lactation of 
anterior pituitary extracts containing prolactin, it should be noted that most of the 
experiments to be cited have been carried out with relatively crude extracts con- 
taining other pituitary principles in addition to prolactm. There is a considerable 
amount of evidence, obtained exclusivdy from experiments on larger anim al s , 
that administration of anterior pituitary extracts will stimulate lactation at any rate 
during the period of gradual decline. Experiments on the cow will be considered 
first as these have hitherto given most information. 

Griiter & Strieker (1929) caused stimulation of lactation in cows by injections 
of anterior pituitary extracts, while Stockklausner & Daum (1932) found that such 
injections diminished for a time the normal rate of decline of lactation. Azimov and 
his collaborators (Azimov et d. 1933 ; Azimov et d. 1936; Azimov 85 Krouze, 1937) 
brought about temporary increases in milk yield by single and also repeated 
injections of alkaline extracts of anterior pituitary into cows. According to the last- 
named paper, which described experiments on 510 cows and ninety controls, the 
injections appeared to be most effective in early lactatioiL Indeed, evidence was 
obtained that anterior pituitary injections given at the peak of the lactation curve 
will increase the milk yield above the normal maximum. Evans (1936) was able 
temporarily to increase the milk yield of low-yielding cows by injections of a 
partially purified prolactin preparation. 

Folley & Young (1937, 1938) have shown that single injections of crude anterior 
lobe extracts as well as partially purified preparations containing prolactin will 
temporarily increase the milk yields of cows in dec lin i ng lactation, as will also 
repeated daily injections of prolactin made by Young^s (19386) modification of the 
method of Bates Sc Riddle (1935). They also found that a fraction e^biting 
thyrotrophic and diabetogenic activity, but no crop-stimulating activity, stimulated 
bovine lactation in single injections. Among the extracts used, a good correlatLon 
existed between the glycotropic (“anti-insulin”) (Young, 1936), and the lactogaiic 
activities (single injection), while the correlation between the latter and the crop- 
stimulating activities was rather poor. In view of these rraults, it seems possible 
that prolactin may not be a spe^c lactogenic hormone and that the lactogenic 
prope^es of prolactin preparations may be due at least in part to the presence of 
other anterior lobe hormones. 

Of great importance was the feet that in the one (albeit weU-controlled) expen- 
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ment in which repeated high doses (of the order of 4000 i.u. daily) of partially puri- 
fied prolactin were administered, the lactation curve of the cow was undoubtedly 
displaced upwards over the remainder of the lactation period. This might be due 
to the presence in the extract of a substance which caused the growth of new 
mammary tissue (see also Comer, 1930 and Lyons & Catchpole, 1933 b). 

Studying the effects of Treated injections of prolactin extracts, as well as extracts 
free from prolactin but containing thyrotrophin, into groups of lactating cows, 
Folley & Young (1939) observed marked increases in yield, particularly with the 
prolactin preparations, accompanied in the latter case by a great increase in milk 
fat secretion. The milk yield, during prolonged injections of a prolactin extract 
rose shar ply and then gradually declined despite continuance of treatment. Con- 
sideration of the biological properties of the extracts used indicated that the effects 
on milk secretion could not be ascribed to the action of a single hormone. 

In the goat stimulation of established lactation by injections of anterior lobe 
extracts was reported by Grueter (1930)- Asdell et al. (1936) succeeded in temporarily 
increasing the rate of milk secretion in goats by anterior pituitary injections during 
the latter stages of lactation, but the injections were ineffective at the peak of 
lactation, these findings with the goat differing in this respect from those of Azimov 
& Erouze (1937) with the cow. Stimulation of lactation with anterior pituitary 
extracts in the ewe has been accomplished by Kabak & Kisilstein (1934) and 
Hahak & MarguKs (1935). In man, Kurzrok et al. (1934) and Kenny & King 
(1939) claim some success in the treatment of subnormal lactation by injections of 
prolactin. On the other hand, disappointing results were reported by Stewart & 
Pratt (1939)1 while possible dangers attending prolactin treatment in human 
beings are illustrated by the r^ort of Werner (1939). 

At the present time it is impossible to say whether or not prolactin itself is 
capable of increasing the rate of established lactation. All of the prolactin prepara- 
tions used hitherto seem to have contained additional anterior pituitary factors, 
and the work of Folley & Young (1938, 1939) indicates that cmde anterior lobe 
extracts contain at least one factor other than prolactin which will enhance estab- 
lished milk secretion. 

(2) Tke imtiaiion of lactaUon 


Prior to the realization of the lactogenic function of the pituitary it was customary 
to regard lactation as a process of passive nature, the onset of which at parturition 
fofiowed the removal of the stimuli causing the gestational growth of the mammary 
glands. The idea that the onset of lactation is due to the removal of an inhibition 
appears to have been first entertained by Hildebrandt (1904), and the corpus 
luteum was at one time regarded as the source of such an inhibitor. The work of 


Hammond (1917) and Druxnmond-Kobinson & Asdell (1926) appeared to lend 
support to this idea. The latter workers showed that in the pregnant goat ablation 
of the corpora lutea, sufficiently late in pr^jnancy for development of the alveolar 
s^tem of the mammary gland to have occurred, resulted in immediate and copious 
lactation. Ansdlmino & Hoffman (1936), while inclining to the view that the corpus 
luteum does produce a substance ^^ch inhibits lactation, held that this substance 
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must be different from the progestational hormone, since concentrates of the latter 
failed to inhibit lactation in the rat. Later, Folley & Kon(i937) clearly demonstrated 
that injections of crystalline progesterone do not inhibit established lactation in 
the rat. 

The power of oestrogenic hormones to inhibit lactation is, on the other hand, 
well established. The experiments of Laqueur et al, (1928), de Jongh & Dingemanse 
(1931), Steinach et al. (1928), Nelson (19356) and others have demonstrated that 
in the guinea-pig removal of the stimulus to mammary growth provided by oestro- 
genic hormones results in immediate lactation. Fu^er, it has repeateiy been 
shown that administration of oestrogenic or gonadotrophic hormones to larfating 
animals results in inhibition of lactation. Such experiments have been ated by 
Folley (193^) Turner (1939)* The clinical use of oestrogens for suppressing 
lactation in women has been reported by Ramos & Colombo (1938), Foss & Phillips 
(1938), Lehmann (1938), Winterton & MacGregor (1939) and KeUar & Sutherland 

(1939)- 

Incidentally, it has recently been shown that certain androgens which possess 
the power of stimulating mammary growth will also inhibit lactation. Thus Folley 
8c Kon (1937) hnd that testosterone but not os-androsterone will inhibit lactation 
in the rat. Testosterone, as we have seen, promotes mammary growth in rats, mice 
and guinea-pigs, but os-andiosterone has little effect There is some evidence 
therefore that the power of promoting mammary duct growth goes hand in hand 
with the ability to inhibit lactation. 

It must be admitted that the amounts of oestrogen necessary to inhibit lactation 
experimentally are much higher than are likely to operate in die pregnant animal, 
so that it is possible that some additional inhibitory influence is operative during 
pregnancy (see below). 

Anselnuno 8c Hoffman (1936) claim that the lactation inhibitory effect of 
oestrogenic hormones in the rat can only be demonstrated in the presence of the 
ovary, and they suggest therefore that the real inhibitor of lactation may be a 
substance produced by the corpora lutea, the formation of which is promoted by 
oestrogenic hormone treatment. On the other hand, de Jongh (1933) and Robson 
(1935) both succeeded in demonstrating the inhibitory effect upon lactation of 
oestrogenic hormones in the ovariectomized mouse. The dosage of oestrogenic 
hormone employed by Anselmino 8c Hoffmann would appear to have been insuffi- 
cient to inhibit lactation in the absence of the ovary, since Folley 8c Kon (1937) 
found that though oestradiol monobenzoate would inhibit lactation in ovariecto- 
mized rats, the degree of inhibition was less than that caused by equal doses in 
intact females. 

The discovery of the positive lactation stimulus provided by the pituitary has 
the inclusion of this factor in any theory attempting to explain the 
TUftnhflniam of the initiation of' lactation. Nelson (1936) has advanced a theory 
according to which oestrogenic hormones, probably of placental origin, inhibit 
kctati oT i during pregnancy (a) by suppressing the secretion of lactogenic hormone 
by the hypophysis, and (6) by a direct action on the mammary glands. The removal 
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of this inhibition consequent upon the decrease of oestrogens present in the blood, 
which apparently occurs at parturition (see Ascheim & Zondek, 1927; Nibler & 
Turner, 1929), permits the release of prolactin from the hypophysis and the 
consequent initiation of lactation. Nelson has put forward a considerable amount 
of expeiimental evidence in support of this theory, which is also supported by the 
aforementioned experiments on the inhibition of lactation by oestrogenic hormones, 
and by the experiments referred to in a preceding section which show that certain 
procedures whi ch initiate lactation in the intact animal fail to do so in absence of 
the hypophysis. The lactation of a few hours’ duration which was observed by 
Selye et al. (1933 b) in rats and mice hypophysectomized before parturition is 
to expla^ on the basis of this theory, unless one accepts the conclusion of 
these authors that the pregnant uterus and its contents is, under certam circum- 
stances, capable of producing a substance with the ph3^ological activity of the 
anterior lobe lactogenic factor. A further difficulty is the failure of Selye et al. (i 934 ) 
to cause inhibition of lactation in lactating mice by daily implantations of whole 
mouse placentae, though, on the other hand, Frankl (1923) ’was able to inhibit 
milk secretion in the mouse by placental grafts. , 

Reece & Turner (1937a, b) believe that oestrogens do not suppress the secretion 
of lactogen by the pituitary during pregnancy, since they found that the pituitary of 
the pregnant rat contains less prolactin than that of the oestrus female, while 
injection of oestrogens into the spayed female increases the prolactin content of the 
pituitary, ovariectomy having the reverse effect. It may be that oestrogens inhibit 
lactation by directly decreasing the response of the mammary gland to the lactogemc 
hormone, since oestrogen administration will markedly diminish the response of 
tlie pigeon crop-gland to prolactin (FoUey & White, 1937 ! Folley & Scott Watson, 
1938 ; Folley, 1939) though such reasoning assumes the identity of the lactogemc 
and crop-stimulating factors. 

Other results which up to the present have not been satisfactorily ^plained on 
ftTcisting theories point to the intervention of a uterine fector in the ch a in of events 
leading to normal lactation. Selye et al, (1934) showed that on the one hand 
removal of the foetuses from the pregnant rat by Caesarian section induced lacta- 
tion, but on the other no lactation resulted if the uterus was immediately distended 
with paraffin. These authors urge that the mechanical distension of the uterus 
must be considered as a factor causing the inhibition of the secretory phase during 
gestation, and point out that the distension of the uterine walls decreases just 
before parturition despite the continued growth of the foetuses. The position is 
however complicated by the results of Freud & Wijsenbeek (1938). Rat foetuses 
were transfer^ to the abdomen hut no lactaticfla occurred imtil they were arti- 
ffdally delivered, from which it would appear that factors other than uterine 
distension must be considered. A relation between the uterus and lactation is also 
indicated by the findings of Bradbury (1932). He showed that hysterectomy will 
prevent the formation of interlobular canals in the mouse mammary gland, even 
thou^ functional corpora hxtea are present in the ovaries, while hysterectomy was 
fallowed by milk secretion in mice possessing mammary alveolar ^velopment 
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(3) The adrenal cortex and lactation 

The possibility of the existence of a relationship between the adrenal cortex and 
lactation has been emphasized by comparatively recent work. The studies of Carr 
(193^)1 Swingle & Pfifeer (1932), Gaunt (1933), Britton & Kline (1936), and others, 
indicate that adrenalectomized animals which for one reason or another survive 
over the experimental period are incapable of normal lactation. It may therefore be 
concluded that the integrity of the adrei]^ cortex is essential for normal lactation, 
a conclusion supported by the inability of partially purified prolactin preparations 
to initiate or re-initiate lactation in animals hypophysectomized during pregnancy 
or lactation respectively, unless adraaotrophic or adrenal cortex hormones are 
administered simultaneously (see citations above). 

The position, which until recently was somewhat obscure owing to disagreement 
between various workers as to whether or not adrenalectomized animalR can lactate 
if life-maintaining doses of adrenal cortex hormone are administered, has been 
clarified by the work of Gaimt & Tobin (1936) which emphasizes the importance 
of dosage. These authors found that adrenalectomized rats treated with cortical 
hormone at a level just sufficient to maintain life, lactated poorly. Administration of 
salt gave slightly better results, but lactation was only norm^ when cortical hormone 
was injected at a relatively high level. Anterior lobe lactogenic preparations failed 
to improve the subnormal lactation on lower dosages of cortical hormone. 

These results do not necessarily support the view put forward by Brownell et aL 
(1933) that the adrenal cortex secretes a specific lactation hormone. On the basis of 
present knowledge it is perhaps more reasonable to suppose that the relation 
between the adrenal cortex and lactation b indirect, and that the failure of lactation 
in animals sufiering from experimental adr^ial insufEiciency is due to the inability 
of the adrenalectomized animals to meet the heavy demands of lactation upon the 
general metabolism. (For further disci^on see Nelson & Gaunt, 1937 i). 

Another aspect of the coimexion between the mammary gland and the adrenal 
cortex has been opened up by the demonstration by Van Heuverswyn et al. (1939) 
that desoxycorticosteione, a substance known to be present in the adrenal cortex, 
will cause mammary development in the mouse. 

(4) The ihyroid gland and lactation 

Since the thyroid gland is a regulator of metabolism it is to be expected that its 
iti tfim^ l secretion would exert an infiumice on lactation. There are at least three 
possibilities, first that the thyroid hormone may govern the levd of milk precursors 
in the blood (see Jones, 1935), secondly that it may affect the rate of blood flow 
through the mammary gland, and indeed FoUey & White (193^) observed an 
increase in pulse rate in cows receiving thyroxine injections, while Fuller (1928) 
r^orted a positive corrdiation between pulse rate and milk yield, and thirdly it 
may directly govern the metabolic rate of the mammary gland cells. 

Let us first deal with studies on lactation in thyroidectomnsed animals. Traut m a nn 
(1919) observed a decrease in milk yidd after thyroidectomy in goats. Simil a r 
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results by Grimmer (1918) were ascribed to operative disturbance since the decline 
was but temporary. Graham (1934a) observed a decrease in milk yield following 
thyroidectomy in the cow, but the result cannot be regarded as clear-cut since 
a control operation had a somewhat similar result. Apparently normal lactation 
foUowing thyro-parath3rroidectomy in bitches was reported by Dragstedt et al. 
(1924) provided tetany was controlled. 

Ndson & Tobin (1937) state that they could obtain no evidence that if rats 
were thyro-parathyroidectoniized in pregnancy, milk secretion was depressed 
during the subsequent lactation. Folley (1938^), on the other hand, found that in 
lactating rats thyro-parathyroidectomy immediately exerted 'an adverse effect on 
Tnilb secretion. If the operated rats were remated the subsequent lactation was 
definitely subnormal, indicating that in the rat thyro-parathyroidectomy does 
seriously interfere with lactation. Nelson (1939 i) in a subsequent reinvestigation 
for the problem has reaffirmed the results of Nelwn & Tobin (i 937 )> riie reasons 

of the discrepancy between the results of the two laboratories are still to seek. 

The above observations on the effect of thyroidectomy on lactation are somewhat 
conflic ting , possibly partly because of species differences, but the general conclusion 
seems justified that in many species lactation can proceed in absence of the thyroid, 
but only to a slight degree. 

The influence of the thyroid gland on lactation has been clearly established by 
administration of thyroid hormone to pregnant and lactating animals. Weichert & 
Boyd (1934) observed that in the pregnant rat experimental hyperthyroidism 
caused earlier mammary development and initiation of the secretory phase than in 
controls. Working with the lactating cow in dedining lactation, Graham found 
that thyroid feeding (i934<z) or thyroxine injecrions (1934^) caused a considerable 
temporary increase in milk fat yield. Such treatment appeared to be much less 
effective in the early stages of lactation. 

Folley & White (1936), studying a group of cows receiving thyroxine injections, 
confirmed Graham’s results and further found that the percentage and yield of 
milk non-fatty solids were increased by the treatment, in this respect differing 
from Jack & Bechdd (1935). Similar results were later obtained by Herman et al. 
(1938) who, however, observed only a relatively slight increase in non-fatty solids 
secretion. Contrary results by de Fremery (1936) with the goat were probably due 
to overdosage with thyroxine. Folley & White (1936) observed that thyroxine 
treatment raises the milk yield to a higher level, from which it declines at the normal 
rate, even thou^ the treatment is continued. The above work suggests that the 
thyroid gland is intimately concerned in milk-fat secretion in particular, since in 
experimental hyperthyroidism the fat content of cow’s milk increases much more 
than that of the non-fiatty (X)nstituents. 

In the cow, Folley & Young (1938, 1939) found that, as would be expected, 
injections of extracts containing anterior lobe thyrotrophin stimulate milk secretion, 
though it must be noted that thyrotrophic extra c ts did not increase the milk fat 
content ^or was the relation between the lactogenic and thyiotropbic activities of 
the extracts very dose. In the guinea-pig, thyrotrophic hormone caused, on the 
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contrary, a diminutioa in lactation (Gnimbrecht & von Diisterlho, 1937), which 
was partially rectified by administration of di-iodotyrosin. It is of interest to note 
that Kiistner (1934) claimed that administration of di-iodotyrosin stimulated 
lactation in women who, from their previous histories, might be expected to lactate 
subnormaUy. 

(5) The posterior pitmtary and lactalim 

Ott & Scott (1910) were probably the first to show that injections of extracts of 
posterior pituitary produces an increase in the rate of flow of milk from the lactating 
mammary gland. They found that a single injection into a Iftctaring goat resulted in 
an increase in the rate of flow of milk a cannula inserted into the udder. The 
effect was temporary, lasting in their experiments for a few minutes only. Of the 
two possibilities, namely, {d) that posterior pituitary extracts affect the rate of milk 
secretion through their action on the alveolar epithelium, and {b) that the rate of 
excretion of preformed milk from the mammary gland is increased by posterior 
lobe extracts, the first was supported by Simpson & Hill (1914-15). 

Overwhelming evidence presented by other workers, howevo:, has shown that 
the second explanation is correct. SchMfer (1913) and Hammond (1913) found 
that though injection of posterior lobe extracts undoubtedly causes an imm ediate 
and temporary increase in the rate of milk flow, there is* litde or no increase in 
yield over a long period, and Schafer (1914-15) further showed that a second 
injection of posterior lobe extract soon alter the emptying of the gland due to one 
injection, did not produce any milL More recent work of Turner & Slaughter 
(1930) also indicates that posterior lobe extract is not a true galactogogue. In spite 
of Fauvet’s (1932) contention that the posterior lobe secretes a lactogenic hormone, 
it is safe to conclude that posterior lobe extracts affect only the mechanism which 
governs the excretion of milk from the mammary gland. A significant fact to be 
noted in this connexion is the rapidity of the mammary response to injections of 
posterior lobe extract, in contrast to the time which elapses Wore any increase in 
milk yield due to injections of anterior lobe lactogenic extracts becomes evident. 
The above conclusion is supported by the results of Smith (1932) and Houssay 
(i935(;) who showed in the rat and dog respectively that lactation is possible after 
ablation of the posterior lobe of the pituitary. 

There remains the interesting possibility, as yet unsupported by any experi- 
mental evidence, that the posterior lobe of the pituitary gland may play a part in 
the discharge of milk from the mammary gland during normal sudkling. 

( 6 ) Eyidocrme control of maJk composiSion 

Elucidation of the mechanism controlling milk composition is a matter of 
great practical importance. In past studies of bovine lactation, attention has been 
mainly focused upon the fat content of milk, but the comparatively recent recogni- 
tion of the tendency of many cows, particularly of hi^-milHug breeds, to secrete 
milk containing less than is desirable of the non-faty constituents (which are 
quite as important as the fat from the nutritional point of view), has emphasised the 
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necessity for research in this field. It is reasonable to assume that the hormones 
which have been found to control mammary development and the initiation of 
secretion may also participate in the control of milk composition. Such control 
probably operates in various ways, two of the most likely being (i) the control of the 
level of milk precursors in the blood, and (2) the control of the eflSciency of synthesis 
of any or all of the milk constituents, given an adequate supply of precursors. 

Since changes in milk composition occur after thyroidectomy, it may be 
inferred that the thyroid gland is concerned in the regulation of milk composition. 
Von Fellenberg & Griiter (193 a) found that in the lactating goat, thyroidectomy 
lowers the c^cium and phosphorus contents of the milk and increases the chloride 
content. Conversely, thyroid feeding or thyroxine injections in the cow in advanced 
lactation cause a very marked increase in milk fat content (Graham, I934<2) Folley 
& White, 1936; Herman et al. 1938) and an increase of smaller magnitude in the 
non-fatty solids content (Folley & White, 1936; Herman et al. 1938). According 
to Graham & Jones (quoted by Jones, 1935) the increase in non-fatty solids content 
is partly due to increased secretion of lactose. In this respect the findings of von 
Fellenberg & Griiter are in accord since the concentrations of chloride and lactose 
in milk are inversely related (Mathieu & Ferrd, 1914). The above results strongly 
surest that the thyroid gland participates in the regulation of the composition 
of the milk. 

Folley (1936) (see also FoUey & Scott Watson, 1938) has obtained evidence 
which points to the important role play«i by oestrogenic hormones in the control 
of milk composition.* Administration of oestrogenic hormones to cows in declining 
lactation caused considerable increases in the percwtages of milk fat and milk 
non-fatty solids, which moreover lasted for considerable periods of time. The 
concentrations of the various nitrogenous constituents of the milk rose, but the 
partition of nitrogen remained characteristic of normal milk (Davies, 1935) showing 
that treatment with oestrogenic hormones during lactation did not promote 
colostrum secretion, as de Fremery (1938) believes to happen in the goat. If 
the treatment bad caused the secretion of colostrum, the percentage of the total 
milk nitrogen as globulin nitrogen would have risen considerably, but in fact this 
did not happen. Whether or not the interesting changes in milk composition which 
follow injections of oestrogenic hormones are connected with the power of these 
substances to stimulate mammary growth or whether th^ are connected with the 
water-retaining properties of oestrogens (see Zuckerman et al. 1939), remains for 
future work to decide. 

Folley & Yo\ing (1938) have studied the effect of injections of interior pituitary 
extracts on the composition of bovine milk. Single injections of various extracts 
into lactating cows were followed by only temporary and relatively minor alterations 
in milk composition, though evidence was obtained that repeated daily injections 
of a prolactin preparation caused a rise in the milk lactose accompanied by a fall in 
the chlorides. Repeated injections of certain anterior lobe extracts containing 
prolactin, however, caused a striking increase in the milk fat percentage (Folley & 
Young, 1939). 
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The effect of various hormone treatments upon the phosphatase (phospho- 
monoesterase A^, Folley & Kay, 19360) of cow’s milk is of considerable interest. 
Thyroxine treatment causes a sharp temporary decline in milk phosphatase content 
(Folley & White, 1936) while administration of oestrogen causes an equally striking 
increase (Folley, 193^)* case the change in enzyme concentration is 

correlated with a change in milk yield in the opposite sense. These phenomena, 
taken in conjunction with the typical lactation curve for phosphatase in cow’s 
milk obtained by Folley & Kxy (19366), give rise to the conception that the phos- 
phatase of milk which, as we shall see later, appears to originate in the mammary 
gland itself, is part of the equipment of the mammary gland cell necessary for its 
secretory function, that a high concentration of phosphatase in milk signifies a low 
level of mammary efllciency and that a sudden change in the concentration of this 
enzyme in milk may be taken as a sensitive indication of some change in the secretory 
efiiciency of the mammary gland. It must be admitted, however, that it is difficult to 
explain why no appreciable and regular changes in milk phosphatase content 
accompanied the increase in milk yield resulting from injections of anterior lobe 
extracts in the cow (Folley & Young, 1938). 

Ill, NERVOUS INFLUENCES IN LACTATION 

I 

Turner (193a) should be consulted for an account of early work which showed 
that the mammary gland is not innervated by true secretory nerve fibres. There 
is a certain amount of evidence, however, that the sympathetic nervous system 
may have some influence on lactation. Basch (1906), who quotes references 
to early work, found that extirpation of the coeliac sympathetic gangHon had Htde 
effect on milk secretion. More recently, however, Bacq (1932) reported that 
abdominal sympathectomy in the rat occasionally interfered with la^tion and 
Cannon & Bright (1931) observed that lactation in the cat was adversely affected by 
sympathectomy, though the effect was delayed until some time after the operation. 
In the experiments of Simeone & Ross (1938) lactation was impaired in only a few 
of,a number of sympathectomized cats. The impairment was noticed in the second 
but not the first lactation after the operation. 

The possibility should not be forgotten that the rate of milk secretion and also 
possibly milk composition might be to some extent dependent on ^mpathetic 
vasomotor impulses controlling the blood supply, and hence the supply of milk 
precursors and metabolites, to the mammary gland. 

The intervention of nervous impulses in the actual act of milking' or “letting 
down” of milk has been recently postulated by Hammond (1936), who has brought 
together a considerable amount of evidence, existing in the literature, in favour of 
his theory that the “letting down” of milk is an active nervous reflex exdted by 
stimulation of the teat. Tgetgel (1926) has shown that there is a steady increase in 
pressure between one nulldng and the next, caused by the gradual accumulation of 
milk in the udder. The beginning of milking is, however, accompanied by a sudden 
increase in pressure, followed by a gradual fall as milking proceeds. Some workers 
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have attempted to account for the abrupt increase in milk pressure at the beginning 
of milking, as being due to reflex secretion of milk resulting from stimulation of 
the teats during the act of milking. This theory postulates that a considerable 
proportion of the milk obtained at any one milking must be secreted during the 
milkin g process, which on the face of it seems very unlikely and against the pro- 
bability of which Hammond has adduced a considerable amount of evidence. 
For ftdl discussion of this matter Hammond*s paper must be consulted; it will 
suffice to quote here only the most telling evidence. Gaines & Sanmann (1927) 
and also Gowen & Tobey (1928), on the basis of determinations of the amount of 
lactose present in udders obtained from cows slaughtered at the normal milking 
time, have concluded that there was actually more milk present in such udders 
than could be withdrawn at corresponding milkings on previous days. 

Hammond considers that the sudden rise in milk pressure at the commencement 
of millring can be best explained as due to reflex erection of udder and teat tissues 
caused by stimulation of the teats, the mechanism resembling that involved in 
erection of the penis. Afferent nerves conduct the impulses to a centre situated in 
the spinal cord, from which efferent impulses go to nerve endii^ in smooth 
muscle fibres associated with the venous system of the udder, the resulting erection 
causing occlusion of the vessels and accumulation of blood in the udder tissues, 
which in turn causes a rise in milk pressure. In Hammond’s view this rise in milk 
pressure is essential for the “ complete” emptying of the udder (that is as completely 
as is ever possible at one milking), and indeed it is difficult otherwise to account for 
the release of milk from the alveoli and the numerous ducts of small calibre, where 
the forces of capillary attraction must be of considerable magnitude. In support of 
this theory Hammond points out that the bovine udder contains a dense network 
of anastomosing blood vessels which, according to Nelke (1909), is capable of 
holding about one-half of the blood in the body. Further, much leas milTr can be 
obtained by catheterization of the udder, which involves no stimulation of the 
teats, than by milking in the normal way (Zwart, 1911; Dyssegaard, 1923), while 
experiments on the post-mortem milking of bovine udders amputated just before 
the normal milking time (e.g. Swett, 1927; Swett et d. 1932) have shown that under 
the most favourable conditions only about 70% of the milk obtainable at previous 
milkings can be withdrawn. Petersen et al. (1929a), on the other hanri obtained 
almost as much, and in some cases more, milk at post-mortem milkingg of one half 
of an amputated bovine udder than they obtained by in vivo millring of the other 
half prior to slaughter. Hammond explains these results as follows. The erection 
of the udder caused by the in vko milking prior to slaughter would force the milk 
present in the alveoli and finer ducts down into the larger ducts and dstem, from 
which it could be withdrawn by post-mortem milking. Thereis therefore considerable 
evidence that the “letting down” of milk is a nervous reflex flcriiated by stimulation 
of nerve endings in the teat 

Even though there appear to be no true secretory nerves to the mammary gland, 
so that the terminal (centrifugal) stage of the which evokes secretion 

of mflk in properly developed m a mma e is hormonal in nature, sonae interesting 
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experiments performed by Selye and his collaborators suggest, however, that 
nervous factors may be involved in the centripetal portion of the arc. Selye (1934) 
showed that if the period of suckling in the lactating rat is extended beyond the 
normal weaning time by the continued provision of activdy suckling litters from 
other mothers, the mammary glands can be maintained in an actively secreting 
condition for long periods even if the escape of millr from the glands is prevented 
by cutting the galactophorous sinuses. Contrary to the results of Kuramitsu & 
Loeb (1921) and Hammond & Marshall (1925), it vras found that if the suckling 
stimulus was applied to some of the nipples, secretion was maintained in the 
remaining glands where suckling had been prevented by removal of the nipples. 
Later, Selye & McKeown (1934a) found that application of the suckling stimulus 
to non<pregnant rats and mice caused the mammary glands to develop, while at the 
same time the normal succession of oestrus cycles was interrupted by dioestnis 
periods lasting from 2-3 weeks. The condition resulting from the suckling stimulus 
was named “suckling pseudo-pregnancy”. 

Selye and co-workers (for full discimon see Selye at al. 1934) hiterpret these 
experiments as showing that the suckling stimulus excites a nervous reflex which 
causes the secretion of lactogenic hormoi^ by the anterior lobe, and in this con- 
nexion it is significant that injections of prolactin produce dioestrous periods in 
adult rats (Lahr & Riddle, 1936). Further evidence which suggests that lactation is 
maintained by impulses to the anterior lobe passii^ through the pituitary stalk has 
recently come to hand. Herold (1939) found that the sucklings of rats which under- 
went stalk transection died from starvation. 

Selye and co-workers suggest that the involution of the mammary gland which 
follows weaning in experimental animals or gradual self-weaning of the young 
under natural conditions, is due to withdrawal of the suckling stimulus rather 
than to the destruction of the mammary gland cells due to the accumulation of 
tnilk under pressure. It is probable that in actual fact both causes contribute to the 
involution which follows weaning, though some other and as yet unknown cause 
may be operative, since in the case of such animals as the cow and goat it is well 
known that the milk yield gradually falls ofi after the peak of lactation has been 
reached in spite of the regular application of the milk stimulus to the teats and the 
regular emptying of the udder. Similarly, Selye & McKeown (1934^) found that 
m mice, though lactation may be prolonged for upwards of two months by the 
continual provision of actively suckling litters, mammary involution does occur 
eventually, although histologically it is of an abnormal type. 

The application of tactile stimuli to the teat thus seems to affect the mammary 
gland in two ways. One mechaniam is probably a purely nervous refiex which 
induces erection in the mammary gland tissues, while the other is partly nervous 
and partly hormonal in character. It is easy to see that while the first mechanism 
win act so rapidly as to account for the sudden rise in milk pressure at the beguming 
of milking, the effects of the other on tnilk secretion will probably take longer to 
evince themselves and may be expected to remain longer in evidence. Thus Folley 
& Young (1938) found that the stunulating effects on lactation in the cow due to 
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single injections of certain anterior pituitary extracts sometimes took two days to 
attain their full magnitudes and they disappeared comparatively slowly. 

IV, BIOCHEMICAL STUDIES ON MILK PRECURSORS 

The importance, both from practical and theoretical standpoints, of elucidating 
the chemical reactions concerned in the synthesis of milk constituents in the 
living cell needs no emphasis. It is evident that a valuable contribution towards 
bridging the gap between blood and milk will have been made when it is known 
beyond doubt what blood constituents are used by the lactatmg mamm a r y gland for 
the synthesis of each of the principal constituents of milk. The considerable effort 
which has been expended in attempting to determine the nature of milk precursors 
is, therefore, imderstandable. The nature of these investigations and the present 
state of knowledge in this field will now be considered in some detail. 

(i) Teckmquefor studying the absorption of blood constituents by 
the mammary gland 

The uptake of blood sugar by the active mammary gland of the cow as compared 
with that of the resting gland was studied by Kau^ann & Magne (1906), whose 
results have been subsequently interpreted as providing evidence in favour of the 
view that blood sugar is the precursor of lactose. It will later be seen that their 
technique was subject to a serious error. Assuming that the amount of blood sugar 
used by the tissues of the head for production was about equal to the 

amoxmt required for similar purposes by the active mammary gland, Kaufmann & 
Magne considered that the sugar content of jugular blood could be taken as repre- 
senting that of arterial blood minus the sugar utilized by the mammary gland for 
production of energy. They found ^perimentally that in the lactating cow the 
sugar content of jugular blood was higher than that of the blood leaviug the mammary 
gland by way of the subcutaneous abdominal (mammary) vein, while in the non- 
lactating cow the sugar contents of the two bloods were about equal. It was 
considered that the difference m sugar content between the blood f^m the two 
veins represented the sugar used by the lactating mammary gland for purposes 
other than energy production. Blackwood & Stulmg (1932a) have pointed out 
that Kaufaaann & ISfegne were in error in that they neglect to consider the effect 
on the jugular blood composition of the loss of water due to salivation. This factor 
must be of considerable magnitude in studies on the cow since, according to 
Schalk & Amadon (1928), the ox secretes sdme 60 litres of saliva in 24 hr. Blackwood 
& Stirling, and later Blackwood & Wishart (1936), have put forward evidence that 
appreciable concentration of the blood coming from the head is thereby caused 
and hence that conclusions based on a)mparisons of the composition of jugular' 
blood with that of mammary venous blood in the cow are suspect On the other 
hand, there is evidence that the blood passing through the mammary gland usually 
undergoes practically no concentration nor dilution (Blackwood & Stirliiig, 1932a; 
Lintzel, 19341 Graham, Kay & Mclnt<^h, 1936)} though in cx}wb which, were 
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excited during sampling, Shaw & Petersen (1939) observed exchanges of fluid 
between blood and mammary gland of magnitudes sufficient to affect arterial-venous 
differences in non-diffusible blood constituents. 

Modifications of the Kauftnann-Magne method have recently been used to 
study the uptake of sugar and other blood constituents by the mammary gland of 
the cow and goat, and it is not out of place briefly to consider here the value of such 
methods in lactation studies. In the first place, the considerations just discussed 
make it evident that the composition of mammary venous blood must be compared 
with that of arterial blood. Secondly, for each comparison, samples of blood from 
the two sources must be taken as nearly simultaneously as possible (in any case the 
arterial blood must never be taken before the venous sample) and with a Tninimum 
of disturbance to the experimental animal. The last condition is important since 
undue disturbance arising from blood sampling not only alters the composition of 
the blood, in particular with respect to the concentration of sugar, but also causes 
blood-volume changes in the mammary gland together with alterations in the 
arterial-venous differences (see Graham, Kay & McIntosh, 1936; Shaw & Petersen, 
1939). The best modifications of the Kaufmann-Magne method hitherto devised 
for application to the cow are those described by Gra h a m , Kay & McIntosh (1936) 
by which it is possible to obtain approximately simultaneous samples of bovine 
arterial blood (by puncture of the internal iliac artery through the rectal wall) and 
mammary venous blood, and by Maynard et al. ii%i) who puncture the internal 
pudic artery through the vagina. 

All studies of the uptake of blood constituents by the bovine mammary gland 
which have been carried out up to the present are, however, open to the following 
criticisms, which also apply to Lintzel’s (1934) work on the goat. It is probable 
that some proportion of the blood constituents absorbed by the active m a mm ary 
gland will pass into the lymph, and at present there is no known method of esti- 
mating the magnitude of this factor. A further, and possibly considerable (but see 
below) proportion of the substances abstracted from the blood by the m a mm a r y 
gland will be utilized by the latter for the production of energy. Without data 
regarding the energy requirements of the mammary gland in various states of 
activity it is impossible quantitatively to interpitet the results of experi- 
ments made by ffie Kaufmann-Magne method. Up to the present the only 
estimate of the energy requirements of the active m a mm ary gland is that of 
Graham, Houchin, Petereon & Turner (1938) who found that only about 10% of 
the energy received by the mammary gland from the blood is used for metabolic 
purposes. 

Further, for a given rate of milk secretion, and hence of uptake of blood con- 
stituents by the active inarnmary'gland, the observed artend-venous difference 
for any tnilk precursor will depend on the rate of flow of blood through the gland. 
Therefore, arterial-venous differences cannot be quantitatively interpreted in the 
absence of independent data concerning the mamihary circulation rate. Finally, 
It must be remembered that a considerable volume of blood leaves ffie m a mm a r y 
by vessels other than the abdominal subcutaneous veins, so that the 
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composition of blood taken from the latter may not be representative of that 
coming from the mammary gland as a whole. 

Recently, Graham, Houchin & Turner (1937), Graham (1937) and Graham, 
Peterson, Houchin & Turner (1938), working with goats, have devised a technique 
to which some of the above criticisms do not apply. Each goat was prepared for 
experiment by the exteriorization of one of the carotid arteries, while the amputa- 
tion of one half of the udder and the tying and section of the external pudic and 
perineal veins left one major outlet for the blood leaving the re m ai n i n g mammary 
gland. Further, during some of his experiments, Graham (i 937 ) nieasured the 
rate of flow of blood thmugh the mammary vein by a thermostromuhr method. 

(a) The precursors of lactose 

Early attempts to determine the origin of lactose have been well reviewed by 
Meigs (1922) ; for an accoimt of them the reader is referred to Meigs’s article. 

Blackwood & Stirling (1932^) were the first to compare the sugar content of 
arterial blood with that of mammary venous blood, and in lactating cows they 
found that blood from the mammary vein contained, in various cases, from 5 to 
16 mg. per 100 ml. less sugar than blood taken simultaneously from the radial 
artery. In the case of non-lactating covra the arterial-venous differences were 
Usuafly smaller. Lintzel (1934)1 working with the lactating goat, showed that the 
level of sugar in blood from the left ventricle of the heart was, on the average, 
about 20 mg. per 100 ml. higher than blood from the mammary vein. Similarly, 
Graham, Jones & Kay (1936), using the blood-sampling technique described by 
Graham, Kay & Mclnto^ (^936), observed average arterial-venous differences 
during lactation in the cow amounting on the average to about 10 mg. sugar per 
100 ml. They made the further important observation that the arterial-venous 
blood-sugar (fifference was positively correlated with the arterial blood-sugar level. 
Their results also suggested the existence of a positive correlation between the 
arterial-venous blood-sugar difference and the daily milk yield, which would 
indicate that the arterial blood sugar level may be a limiting factor in milk secretion. 
Shaw, Boyd & Petersen (1938), however, failed to observe any correlation between 
arterial-venous sugar differences and time since milking, blood-sugar level or milk 
yield. It is unfortunate that the three last-named investigations did not include 
studies of non-ketating animals, particularly since the data of Bkekwood & 
Stirling (19325) suggest that the arterial-venous blood-sugar cfifference may be 
appreciable in absence of milk secretion. The e^)eriments just discussed, however, 
taken as a whole, show that considerable amounts of sugar are absorbed from the 
blood by the ketating mammary gland. 

If the arterial-venous blood-sugar difference and the percentage of lactose 
present in the milk secreted during the experiment are known, the number of litres 
of blood necessary to provide the sugar for the synthesis of the lactose in one litre 
of milk can be calcukted. From the quantity so derived and the daily milk yield of 
the e^erimental animal under consideration, an estimate of the me^ rate of 
blood flow through the mammary gknd can b^ made. In this way, Graham, 
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Joijes & Kay (1936) calculated that some 500 litres of blood must pass through the 
mammary glands of their experimental cows to provide the sugar contained in 
I litre of milk, which implied a mammary circulation rate of nearly 12 litres a 
minute, while Lintzel s (1934) estimate for the lactating goat was 256 litres of blood 
to provide the sugar for each litre of milk. These calculations are, however, only 
vahd if the mammary gland utilizes none of the sugar for energy production or 
piloses other than lactose synthesis, and if blood sugar is the only blood con- 
stituent from which lactose is formed. It is easy to see that if blood sugar is not the 
sole precursor of lactose a much lower circulation rate would suffice to provide the 
materials necessary for lactose synthesis. Direct measurements by Jung (1933) 
^d Graham (1937) indicate a much lower mammary drculatiou rate tKnn do the 
indirert calculations of Lintzel (1934) and Graham, Jones & Kay (1936), so that the 
possibility that other blood constituents besides sugar are converted into lactose 
must be considered. The results of sugar-balance experiments carried out on the 
mammary gland of the lactating goat by Graham (1937) point to the same con- 
clusion. In these experiments the observed blood sugar uptake was insufficient to 
account for all the lactose secreted during the experimental period, even supposing 
that all the absorbed sugar was converted into lactose. Graham (1937) further 
observed that considerable quantities of lactic add were absorbed from the blood 
by the lactating mammary gland. In two balance'experiments in which uptake of 
considerable amounts of blood sugar, blood lactic add and blood amino nitrogen 
by the active gland was observed, about 85% of the lactose produced in 'each 
experiment could be accounted for on the assumption that all the sugar and lactic 
add were converted into lactose. If the amino-add nitrogen absorbed during 
the experiment was calculated as the three-carbon-atom amino add, alanine, the 
re mainin g lactose could be accounted for by assuming the conversion by the 
mammary gland of this amino add into lactic add and thence to lactose. It is quite 
possible that the active mammary gland is indeed capable of deaminating aminn 
adds, since Grdiam, Houchin & Turner (1937) observed the production of con- 
siderable quantities of urea by the mammary gland of the lactating goat, and Shaw 
& Petersen (1938a) detected the presence of arginase in the active bovine udder. 
Shaw et al. (1938) confirmed the uptake of lactic add by the active bovine udder 
but their arterial-venous differences for sugar and lactic add were together suffi- 
dent to account for all of the milk lactose. 

In summing u^, it may be said that the results of investigations of the absorption 
of blood sugar by the lactating mammary ^and are consistent with the view that 
blood sugar is a precursor of lactose, though the most recent work indicates that 
other blood constituents are also concerned in lactose synthesis. Further data on 
the energy requirements of the mammary gland are, however, urgently required 
since it is important to know how much of the absorbed sugar is utilized by the 
mammary gland for energy production. 

There is a certain amount of additional evidence which points to a relationship 
betweeo. blood st^ar and lactose. In general, procedures which diminish the levd. 
of blood sugar in me lactating animal tend also to produce a lowerii^ of the lactose 

a9-a 
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content of milk, and there is reason for believing that the reverse is also true. In the 
covsr, inanition (Gowen & Tobey, 1931 a) or treatment with insulin (Gowen & 
Tobey, 19316; Brown et al. 1936) or phlorizin (Gowen & Tobey, 193^ cause the 
lactose concentration in the milk to diminish and the blood sugar is lowered at the 
same time. Incidentally, Nitzescu (1933) observed in sheep that during a period of 
inanition the lactose content of the milk could be restored to the normal level by 
injections of the monosaccharides deictrose, fructose and galactose and the di- 
saccharide maltose, but not with the disaccharides sucrose and lactose. 

On the other han d, Whitnah et al. (1933) were able to produce temporary 
increases in the blood sugar concentration in the cow by pumping glucose solutions 
into the stomach, and these changes were always accompanied by temporary 
increases in the milk lactose concentration. Further, Bottomley et al. (1939) 
produced quite prolonged hyperglycaemia in goats by subcutaneous implantation 
of adrenalin tablets; the milk lactose content was found to increase at the same 
time. Thyroxine administration also increases the blood sugar level, and it is 
significant that the lactose concentration of the milk of the cow increases during 
hyperthyroidism (Jones, 1935). 

The problem of the origin of lactose has been attacked by attempting to effect 
lactose synthesis in vitro. Isaac & Adler (1921), Svanberg (1930), Michlin & 
Lewitow (1934) and others have attempted to demonstrate the synthesis of lactose 
from various sugars in the presence of extracts or other preparations of lactating 
mammary tissue, but their claims are hardly convincing. Weinbach (1936) observed 
an increase in non-fermentable, reducing disaccharide when glucose was incubated 
with a powder prepared from dried mammary tissue. His data led him to postulate 
the existence of a non-reducing lactose precursor which breaks down to lactose in 
presence of glucose, a contention which requires further experimental support 
before it can be accepted. 

The most satisfactory demonstration of lactose synthesis in vitro has been made 
by Grant (1935)1 ^ shown that when thin slices of active mammary tissue 

are incubated with suitable physiological salt solutipns containing glucose, lactose 
is synthesized at the expense of glucose. No appreciable lactose synthesis was 
observed when the glucose was replaced by fructose, mannose or galactose. Grant’s 
results suggest that the mechanism of lactose synthesis is not the two-stage 
reaction a-glucose^j?-galactose; a-glucose+jS-galactose^lactose, since he foimd 
that in mixtures of glucose and galactose the extent of lactose synthesis corre- 
sponded merely to that expected from the glucose content alone. Petersen & 
Shaw (1937) isolated lactose from mixtures of glucose and lactic add which had 
been incubated with macerated mammary gland tissue. In view of the fact that 
Grant was able to demonstrate lactose formation in the presence of glucose alone, 
this can hardly be taken as evidence that lactic add is a precursor of lactose. 

In view of the importance of phosphorylation in fermentation and intermediate 
muscle metabolism, the possibility that phosphoric esters may act as intermediates 
in lactose synthesis must not be overlooked. This has been suggested by Barren- 
scheen & Alders (1932), while Borst (1932) and Brenner (1932) have demonstrated 
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the presence of phosphoric esters in mammary gland tissue. Further, Folley & 
Kay (193s) have shown that mammary gland tissue is one of the most potent 
sources of phosphatase in the mammalian body. Grant (1936), however, was 
unable to demonstrate increased lactose synthesis by mammary tissue slices in 
presence of a variety of hexose monophosphates or of phosphoglycerate. Neverthe- 
less, the results of Aten & Hevesy (1938), who used radioactive phosphorus in a 
lactation study, indicate that rapid breakdown and synthesis of phosphoric esters 
occur in the active mammary gland. 

We thus see that experimental approach from various angles has produced a 
considerable amount of evidence that sugar absorbed from the blood is converted 
into lactose by the lactating mammary gland. No evidence contrary to this hypo- 
thesis esista. At the present time, however, little or nothing is known of the 
mechanism of the synthesis beyond the probability that perhaps lactic add and 
other blood constituents enter into the reaction, and this question is suggested 
as a fruitful field of study. 

(3) The precursors of mUk fat 

Various possibilities as to the origin of the milk fat, which has a composition 
found nowhere else in nature, present themselves. The more probable of them are 
listed hereunder. Milk fat may be formed (a) by chemical transformation of the 
neutral fat of the blood, (b) from the blood phospholipins, (c) from glycerol derived 
from blood sugar and fatty adds from the cholesterol esters of the blood, (d) from 
blood sugar done by an extensive series of ch em ical reactions, (c) by some 
combination of two or more of the foregoing. Apriortliio most probable hypotheses 
of the mode of secretion of tnilk fat are the two first named. 

The theory that Tnilk fat is formed in the mamm a r y gland from the blood 
phospholipins was put forward by Mdgs et al. (1919), and later supported by 
Nikitin (1935) on the basis Uf results obtained by the original method of Kaufrnann 
& Magne. Mdgs et cd. found that, in the lactating cow, blood from the subcutaneous 
abdominal vein contained less^hospholipin phosphorus than jugular blood, while 
in dry cows the differences in the lipin phosphorus content of blood from the two 
sources were not so pronounced. They further pointed out that if, as their results 
appeared to them to suggest, the blood phosphoUpins are the'precursois of milk fat, 
the mammary gland would absorb from the blood more than sufficient phosphorus 
as lipin phosphorus to provide the phosphorus of m il k . They found that the 
mammary venous blood in their lactating covts, in fact, contained more inorgamc 
phosphorus t ha r> the jugular blood, which appeared to them to prove that the 
phosphorus derived from phospholipins, absorbed by the m ammar y gland in 
excess of that necessary to provide the phosphorus of the milk, was carried away 
from the mammary gland by the efferent blood. 

As we have seen, the assumption that the composition of jugular blood may be 
taken, without serious error, to be reproentativc of that of arterial blood is unjustified. 
The question haa since been re-examined by Blackwood (i 934 )> 1*7 Graham, 
Jones & Kay (1936), and by Maynard et al. (1938), working with the lactating cow, 
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and by Lintzel (1934), working with the lactating goat, in each case the composition 
of mammary venous blood being compared with that of arterial blood. The r^ults 
of all three investigations agree in showing that the hypothesis of the origin of 
milTr fat from blood phospholipins is untenable, since in no case could any 
significant absorption of phospholipin phosphorus by the active mamma r y gland be 
demonstrated. Further, these workers, with the exception of Maynard et al. (1938), 
have shown that there is a definite decrease in the concentration of inorgamc 
phosphate in the blood during its passage through the lactating mammary gland. 
Since there has been shown to be very little consistent variation in the concentra- 
tions of other “phosphorus fractions” as between arterial and m a mm ary venous 
blood in lactating animals, it may be concluded that the phosphorus of milk largely 
comes from the inorganic phosphorus of the blood. 

In ^^reement with the above-mentioned work, the results of Aten & Hevesy 
(1938) using radioactive phosphorus, demonstrate without a doubt that blood 
phosphatides do not enter into the formation of milk fat, nor does the inorganic 
phosphorus of the milk arise from blood phosphatide phosphorus. 

The theory of the origin of milk fat from the neutral fat of the blood' was 
supported many years ago by the perfusion mrperiments of Fok (1912) who found 
thflt when the surviving sheep’s udder was perfused with Ringer’s solution in 
which olive oil or triolein had been emulsified, the gland secreted a watery fluid 
containing globules of fat, the iodine number of which was lower than that of the 
fat in the perfusion fluid. This work was criticized by Meigs (1922) on the ground 
that, since the gland was reported by Fok to have become oedematous during the 
course of the experiment, the permeability of the secreting cells would have 
thereby become altered to such an extent as to invalidate the results. The results of 
Petersen et al, (1929 i&) differed from those of Fok in that they found that the 
secretion resulting from perfusion of the udders of cows had an abnormally low fat 
content, while perfusion of such udders with an emulsion of com oil failed to 
increase the fat content of the resulting secretions. When an emulsion of com oil 
coloured with Sudan III was used, though the fat in the gland secretion contained 
no colour, about 3% of the dye was found in the gland tissue which indicates that 
the mammary gland is capable of absorbing neutral flit. Recent experiments, 
however, lend considdrable support to the theory that milk fat arises from the blood 
triglycerides. Lintzd (1934) was able to obtain indirect evidence of a diminution 
in the blood tri^ycerides during the passage of the blood through the mamm a r y 
^and of the goat, though he could obtain no evidence of the utilization by the 
mammary ^land of cholesterol ester fatty acids. Similar results with the cow were 
reported by Graham, Jones & Kay (1936) though, as these workers point out, their 
results did'Uot definitely exclude the posribility that some of the fatty acids of milk 
fat may come from the cholesterol esters of the blood. The experiments of Maynard 
et al, (1938) also indicate that milk fat m formed from the neutral fat of the blood, 
since they^ show that though the total lipoids of the blood decrease in passing 
throi^h the mammary gland, there appears to be no decrease in phospholipins 
nor in cholesterol esters (see also Maymrd et al, 1937). Further support to the 
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theory of the origin of milk fat from the blood triglycerides is afforded by the 
experiments of Aylward et al. (1937), who found that the lipaemia caused by 
feeding iodized fat to lactating cows was accompanied by the secretion of iodized 
fat in the milk. They foimd that a relatively small proportion of the iodized fatty 
acids entered the phospholipins of the blood, so that the major proportion of the 
iodized fatty acids appearing in the milk must have been carried to the m a mm a r y 
gland as glycerides or cholesterol esters. 

The present position may he summarized by saying that there is no evidence 
that any appreciable fraction of the fatty adds of milk fat comes from the phospho- 
lipins of Ae blood, while there is a certain amount of evidence that the major 
portion of them arises by chemical transformation from the fatty adds of the blood' 
neutral fats. Before the question of the origin of milk fat can, however, be regarded 
as settled it will be necessary to know what proportion of the blood fat absorbed by 
the mammary gland is oxidized for energy production. Shaw & Petersen (193^^) 
believe that their data show that a portion of the fatty adds from the neutral fat 
absorbed from the blood by the mammary gland is oxidized, thus giving rise to 
the lower fatty adds of milk fat. 

(4) The precursors of casemogm 

The two most probable theories as to the precursors of caseinogen are (fl) that it 
is 83aithe8ized in the mammary gland from blood amino adds, the phosphorus 
being provided by the inorganic phosphorus of the blood, or (&) that it arises from 
the proteins of the blood plasma whidi may be first broken down in the mamm a r y 
gland to still relatively complex fragments from which the caseinogen molecule is 
synthesized. Since amino adds are present in the blood in relatively small con- 
centration it is to be expected, if the first theory were true, that the modified 
Kaufinann and Magne method would reveal an appredable uptake of amino 
nitrogen by the mammary gland. If, however, the second hypothesis were true a 
diminution in the protein nitrogen of the blood would occur during its passage 
through the mammary gland. 

Cary (1920), comparing the composition of samples of jugular and mammary 
venous blood taken from lactating and dry cows, found that in the latter the amino- 
add nitrogen contents of blood and plasma from both sources were approximately 
equal, while with lactating cows the blood and plasma from the mammary vein 
contained less amino-add nitrogen than that from the jugular vein. Blackwood 
(1932) for the cow and Lintzel (1934) for the goat, comparing arterial blood with 
mammary venous blood and using improved methods of estimating amino nitrogen, 
have since shown that there is an appredable absorption of amino-add nitro^ 
from the blood plasma by the lactating mammary gland which is consistent with 
the first hypothesis stated above. 

Graham (1937), however, conduded from the results of his balance experiments 
already referred to that the uptake of blood amino nitrogen by the mammary gland 
of the goat was insufficient to provide the nitrogen of the milk secreted 

during the experiments. In subsequent experiments carried out on lactating goats, 
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Graham, Peterson, Houchin & Turner (1938) showed that in addition to amino- 
acid nitrogen, the active mammary gland absorbed from the blood considerable 
quantities of non-protein nitrogenous substances and also of globulin. 

The arterial-venous blood amino nitrogen difiFerences observed by Shaw & 
Petersen (1938c) were also insufficient to account for more than some 35% of the 
millr protein, that is, aaflnming that blood volume to milk volume ratios for fat, 
carbohydrate (sugar + lactic add) and calcium, calculated from arterial- venous 
differences as explained above, which agreed fairly well among themselves, represent 
the true state of affairs. Shaw & Petersen (1938c) also found that the active gland 
absorbed very little uric add, creatine ahd creatinine. It would therefore appear 
that, while it is possible that blood amino adds are utilized for synthesis of casdnogen 
in the mammary gland, an important source of milk protein is some fraction of the 
plasma proteins which is estimated as globulin. The phosphorus of caseinogen 
appears to come from the inorganic phosphate of the blood (Aten & Hevesy, 1938). 


(5) Enzymes of the mammary gland 

Studies of the nature and properties of the enzyme systems present in living 
tissues have often yielded valuable information concerning the chemical changes 
which make possible their characteristic functions. Unfortunately such studies 
have hitherto not been extensively applied to the mammary gland. If our present 
knowledge of the enzyme equipment of the alveolar cells of the mammary gland 
were extended, as it could not feil to be if modem developments in enzyme 
chemistry were applied to mammary gland studies, it is certain that much more 
would be known than at present of the way in which milk constituents are synthe- 
sized. The brevity of the following account of existing information concerning the 
enzymes of the mammary gland will, it is hoped, indicate the urgent need for 
further research in this held. 

Of mammary gland proteolytic enzymes, very little is known. Grimmer (1913) 
has studied the proteolytic enzymes which cause autolysis of excised mammary 
tissue and identifi^ some of the amino adds formed during autolysis. Tateyama 
(19ZS) reported the presence in extracts of human mammary tissue, both lactating 
and resting, of a peptidase which would hydrolyse glycyl-tryptophane. Arginase 
has been detected in the active mammary gland by Shaw & Petersen (19380). 

As regards lipases, the available evidence suggests that mammary tissue is poor 
in lipolytic activity. Various workers have detected enzymes which hydrolyse 
butyric add esters. Of these Tateyama (19Z5) found that lactating mammary 
tissue was richer ^than resting tissue in esterase, and Virtanen (19 ^.^ ) gave the 
optimum as 8*7 for hydrolysis of ethyl bu^rrate by glycerol extracts of active 
mammary gland. 

Amylases are present in lactating and also resting mammary tissue according to 
Grimmer (1913) Tateyama (19Z5)) who reported that lactating tissue was 
more active t h a n resting tissue. The presence of a maltase (optimum activity at 
pR 6*9) in glycerol extracts of the ^d was reported by Kleiner & Tauber (1932). 



Lactation 449 

Purina enzymes in the mammary gland have been studied by Michlin & RyAowa 

(1934)- 

The most closely studied enzyme of mammary tissue is the phosphatase 
which hydrolyses mono-esters of phosphoric add optimally at pH 9—10. Clear 
evidence of its presence in mammary tissue was first obtained by Kay (1925). In the 
same year Tateyama observed that mammary gland extracts contained an enzyme 
which would dephosphorylate nucleic add. Later, Borst (1932) confiLrmed the 
presence of a phosphatase in mammary gland tissue. Folley & Kay (1935) have 
studied the properties of the phosphatase of guinea-pig mammar y gland and shown 
that as regards pH optimum, Michaelis constant, the effect of substrate composition 
on pH optimum and Michaelis constant, and finally, activation by magnesium, it is 
identical with the alkaline phosphatase of the kidney and is, therefore, on the basis 
of the phosphatase dassification proposed by Folley & Kay (1936 a), to be dassed 
‘as a phosphomonoesterase A^. Of great interest is their finding that in the guinea- 
pig, and presumably in other spedes also, the phosphatase activity of the mammar y 
gland is remarkably hi^h, of the same order in fact as that of whole kidney tissue. 
The mammary gland is, therefore, one of the three or four most potent sources of 
the phosphomonoesterase in the mammalian body. 

In' a preceding section the presence of a phosphatase in milk was mentioned. 
This enzyme is also found in blood plasma but in lower concentration than in milk. 
Since, as far as is known, the mammary gland does not possess a mechanism 
analogous to that of the kidney for concentrating and excreting blood constituents 
it is probable that the milk phosphatase does not arise directly from the blood 
plasma, but that it is an excretory product of the mammary gland cells (see FoU^ & 
White, 1936 ; Folley &ICay, 19366). Cow’s milk contains quite considerable amounts 
of phosphatase and hence during lactation the bovine mammary gland must lose 
daily a large amount of this enzyme. The mammary gland of the cow thus appears 
to be the site of rapid and continuous synthesis of phosphatase during lactation. 

V. SUMMARY 

• 

z. In most species oestrogens mainly stimulate mammary duct growth. In the 
guinea-pig and goat they promote complete alveolar development. The mouse is 
the only animal in which treatment with progesterone has been found to promote 
mammar y duct growth. In other species simultaneous treatment with oestrogens 
and progesterone is necessary for complete alveolar development It is difficult to 
say whether or not oestrogens per se can promote alveolar development, because 
the adrenal cortex produces progesterone. 

2. Androgens cause duct and alveolar growth in some species. 

3 . Some now believe that, under the influence of oestrogen, the anterior pituitary 
produces a “mammogenic” hormone which promote mammary duct growth. 

4. The presence of the anterior pituitary is essential for the initiation and 
maintenance of lactation. The anterior lobe is believed to secrete a specific lactogenic 
hormone (prolactin), but other anterior lobe hormones probably participate in the 
control of normal lactation. 
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5. Oestrogens may mhibit lactation during pregnancy, but it is probable that 
the pregnant uterus is also concerned in the inhibition. 

6. The adrenal-cortical hormone is necessary for lactation, since adrenal- 
ectomized animalH do not lactate, and, further, prolactin will not initiate or maintain 
lactation in hypophysectomized animals unless corticosterone or adrenotrophic 
hormone is also given. 

7. The thyroid gland is essential for normal lactation: thyroxine stimulates 
milk secretion in the cow. 

8. Posterior pituitary extracts cause emptying of the bovine udder but do not 
affect the formation of milk. 

9. Oestrogen treatment enriches milk in fatty and non-fatty solids, and so does 
thyroxine treatment. Repeated injections of certain prolactin extracts increase the fat 
content of coVs milk ; certain other prolactin preparations increase the lactose content.^ 

10. No true secretory nerves innervate the mammary gland. Lactation is 
disturbed in the cat if the sympathetic chains are extirpated. 

11. The extraction of milk from the bovine udder depends on the reflex 
erection of udder tissues caused by stimulation of the teat, which also appears to 
cause the release of a lactogenic hormone or hormones from the hypophysis. 

12. The mammary gland synthesizes lactose from blood glucose and also, 
probably, lactic add. It is also possible that blood amino adds are de-aminated by 
the mammary gland and used for lactose synthesis. 

13. The precursor of milk fat is the neutral fat of the blood. The mammary 
gland probably oxidizes long-chained fatty adds to the short-chained adds of 
milk fat. 

14. It is improbable that milk protdn arises from blood amino adds. Plasma 
proteins are probably utilized for the synthesis of caseinogen, the phosphorus 
coming from the blood inorganic phosphate. 

15. Various enzymes have been detected in active mammary tissue, which is 
a particularly rich source of the alkaline phosphomonoesterase. Changes in the 
secretory function of the mammary gland are usually accompanied by striking 
changes in the phosphomonoesterase content of milk. 
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